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Abstract
Energy storage and conversion materials are the subject of increasing research focus
due to increasing global demand for clean energy. Compared with Li-ion batteries,
electrochemical capacitors exhibit faster charge−discharge characteristics, higher
power density, and longer lifetimes, making them indispensable in many portable
systems and hybrid electric vehicles.
The main aim of this doctoral research was to develop high performance electrode
materials for electrochemical capacitors with the potential to be further developed
into practical applications in the future. Relatively easy, cost-effective and
environmentally-friendly methods amenable to future industrial production were
sought with regard to the fabrication of high performance electrode materials. Five
novel works are reported in this doctoral thesis.
In the first work (Chapter 4), an electrochemical capacitor electrode based on freestanding ultrathin Co/Co(OH)2 active material with nanoflake morphology on Ni
foam current collector was designed and prepared for the first time in order to
enhance electrode conductivity and to raise mechanical adhesion between active
material and current collector. This electrochemical capacitor electrode exhibited
excellent performance, with specific capacitance of 1000 F g−1 at 5 mV s−1 scan rate
and 980 F g−1 at 1 A g−1 discharge, rate capability of 68% at 100 mV s−1 scan rate
and 71% at 30 A g−1 discharge, and retention of 91% after 5,000 charge-discharge
cycles.
In the second work (Chapter 5), four morphologies of Co3O4 on Ni foam were
obtained by hydrothermal reaction in the presence of NH4F additive followed by
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thermal decomposition. The amount of NH4F used played a crucial role in
determining the morphology of the Co3O4 precursors, which ranged between
nanowire, thin nanowire-cluster, thick nanowire-cluster, and fan-like features. The
morphological evolution process of the Co3O4 precursors was investigated by
looking at the intermediates formed at different stages of reaction, and some novel
growth mechanisms are proposed: (1) the amount of NH4F affects the chemical
composition of the precursors; (2) increasing the amount of NH4F results in a
tendency towards more ordered states and more distinct hierarchical structures; (3)
increasing the amount of NH4F results in a tendency towards the formation of denser
structures; (4) the amount of NH4F affects the mass loading of precursors. The
performance of the four Co3O4 morphologies as electrochemical capacitor electrodes
was then assessed. The Co3O4 with the thin-nanowire cluster morphology exhibited
the best performance, with area-specific capacitance of 1.92 F cm−2 at 5 mA
cm−2 discharge increasing to 2.88 F cm−2 after 3,000 charge–discharge cycles, and
rate capability of 73% at 30 mA cm−2 discharge.
In the third work (Chapter 6), a novel hierarchical-Ni-on-Ni-foam current collector
was fabricated through electrochemical deposition involving nucleation and steadystate growth steps. Nanosized Co(OH)2 active material was deposited on the
hierarchical Ni/Ni foam current collector through an electrochemically induced
precipitation reaction to afford an electrochemical capacitor electrode, which
exhibited area-specific capacitance of 3.17 F cm-2 at 5 mA cm-2 discharge.
Impressively, this area-specific capacitance increased by a factor of 3 to 9.62 F cm-2
after 2,000 charge-discharge cycles. A possible reason for this increase in areaspecific capacitance with cycling is proposed, namely the formation of Ni-Co mixed
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hydroxide and accompanying morphological changes, confirmed by scanning and
transmission electron microscopy investigations. In addition, a formation mechanism
for the Ni-Co mixed hydroxide is proposed. This work demonstrates that
electrochemical reactions during charge-discharge cycling could be exploited for
novel in operando synthesis of mixed hydroxides for energy storage and conversion
materials in the future.
While Chapter 6 presents a promising path towards high performance
electrochemical capacitor electrodes, the large void content of Ni foam inherently
limits area-specific capacitance by limiting effective active material loading. The
fourth work (Chapter 7) thus considers the fabrication of a novel micro/nano Nifilled Ni foam current collector with the aim of increasing effective active material
loading and thereby electrochemical capacitor electrode performance. Micro/nano
Ni-filled Ni foam current collector was fabricated by initially filling Ni foam with Ni
slurry and sintering to yield micro Ni-filled Ni foam, followed by electrochemical
deposition of nano Ni. Learnings coming out of Chapter 5 regarding the use of NH4F
additive were exploited in order to enhance active material loading and thereby areaspecific capacitance. Using NiCo2O4 prepared via hydrothermal reaction followed by
annealing as the active material, an outstanding area-specific capacitance of 29.4 F
cm-2 at 5 mA cm-2 discharge was achieved, while an unprecedented 80% of this
capacitance (i.e. 23.5 F cm-2) was retained at 50 mA cm-2 discharge, ascribed to the
high surface area and high conductivity of the micro/nano Ni-filled Ni foam current
collector. Regarding stability, 98% retention of area-specific capacitance after 1,000
charge-discharge cycles was observed.
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In the fifth and final work (Chapter 8), a novel energy-saving method was developed
for the fabrication of mixed Ni-Co carbonate hydroxide. This method differs
completely from the conventional high temperature and high pressure hydrothermal
method for urea hydrolysis, by adopting urease enzyme to perform urea hydrolysis at
room temperature and atmospheric pressure, followed by ultrafiltration to separate
the urease from the filtrate, and finally using the filtrate to synthesise mixed Ni-Co
carbonate hydroxide. This work represents the first time that metal carbonate
hydroxide was prepared under ambient conditions. Mixed Ni-Co carbonate
hydroxide displayed low crystallinity, in contrast to metal carbonate hydroxides
prepared via conventional hydrothermal reaction method. Using an optimised
Ni2+/Co2+molar ratio of 3:1, mixed Ni-Co carbonate hydroxide demonstrated a
specific capacitance of 1499 F g-1 at 1 A g-1 discharge. In order to enhance
conductivity, a composite of mixed Ni-Co carbonate hydroxide and graphene oxide
was fabricated, with specific capacitance increasing to 1656 F g-1 at 1 A g-1 discharge,
while 87% rate capability at 10 A g-1 charge-discharge was also observed. Finally a
mixed Ni-Co carbonate hydroxide@graphene oxide electrode was combined with an
activated carbon electrode to afford an asymmetric supercapacitor, which displayed
excellent electrochemical performance. An energy density of 45.8 Wh kg-1, a power
density of 899 W kg-1, and 70% specific capacitance retention following 10,000
charge-discharge cycles were achieved.
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Chapter 1
1 Introduction
The excess consumption of traditional non-renewable energy resources such as coal,
gasoline, and natural gas, as well as the expectation to reduce emissions of the
greenhouse gas CO2, have been inspiring many scientists and researchers to search
for sustainable and clean energy sources, such as electricity generated from water
power, wind power, tidal power, and solar power. Owing to the discontinuous
availability of these resources, developing new and efficient energy storage and
conversion devices has become a hot research topic. In this area, batteries,
electrochemical capacitors (ECs), and fuel cells are generally recognized as three
types of the most significant electrochemical energy storage and conversion devices.
Compared with batteries and fuel cells, electrochemical capacitors (also called
supercapacitors or ultracapacitors) have the special advantage of high power density,
which is attracting widespread attention. Batteries and fuel cells feature the same
characteristics of low power density, but high energy density, while traditional
capacitors feature relatively high power density, but very low energy density. Based
on the above advantages and disadvantages of batteries, fuel cells, and traditional
capacitors, electrochemical capacitors can become a bridge linking batteries, fuel
cells and traditional capacitors in terms of power density.1

1.1 The

Development

Capacitors

History

of

Electrochemical
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In the nineteenth century, the principle of storage of electrical charge in the interface
between an electrolyte and a metal electrolytic solution was being investigated by
researchers. The year 1957 marks the start of the practical application of double layer
capacitors. The General Electric Company applied for a patent with activated carbon
as the electrode material, which showed “exceptionally high capacitance”, although
it was not commercialised.2 Limited research development took place in this area
until 1966, when Standard Oil Company of Ohio (SOHIO) researchers applied for a
patent for electrical double layer capacitors.3 This time, the electrode materials were
still activated carbon, and they also used organic electrolyte. In 1978, the electrical
double layer capacitors were still not commercialised, and the SOHIO researchers
gave up further exploration and licensed their technology to the Nippon Electric
Company (NEC). NEC successfully made commercial electrical double layer
capacitors (called “supercapacitors” at that time) and applied them for memory
backup of computers. Around the 1980s, Panasonic developed a non-aqueous
electrolyte to accommodate a higher operating voltage. Elna cooperated with Asahi,
developed an organic electrolyte, and then sold several types of their organic
electrolyte on the US market (Dynacap).
During the 1990s, many companies started to focus on developing electrode
materials for electrochemical capacitors in order to improve their electrochemical
performance. In 1991, Maxwell developed capacitors with high operating voltag,
which were applied in many magnetic fusion machines and laser flash-lamp power
supplies. In 1999, Panasonic developed the “UpCap” capacitor with 2.3 V operating
voltage, which was applied in hybrid electric vehicles (HEVs).1, 4-6
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Until now, supercapacitors have experienced about 40 years of development, which
has reached a new stage, but still has a long way to go. The future expectations for
electrochemical capacitor devices should include the enhancement of energy density,
making them comparable to batteries and fuel cells.

1.2 The Application of Electrochemical Capacitors
Electrochemical capacitors could supply a great amount of power in a quite short
time, a long lifetime, and a quick charge-discharge process, which make it more
competitive among the electrochemical energy storage and conversion devices.
First of all, the electrochemical capacitors are applied in the area of commonly used
consumer electronics. For instance, memory backup in laptop computers with
electrochemical capacitors could reduce their frequency of replacement compared
with batteries, because electrochemical capacitors have long lifetimes.7 In addition,
cordless electric screwdrivers or electric drills with electrochemical capacitors are
ready for operation after charging for only 90 seconds, and the cost is also less than
the battery model.7 Moreover, electrochemical capacitors are extensively applied in
in digital cameras, which could provide photographic flashes with high power and
charge flashlights to make them ready for operation in mere 90 seconds.8
Secondly, electrochemical capacitors are applied in the areas of transport and energy.
For instance, China has been adopted trains powered with electrochemical capacitors,
which could be charged for 30 seconds when stopped in a station and have enough
power to arrive at the next stop (running distance up to 4 km).9 In addition, the
Toyota Company has already applied the electrochemical capacitors to cars, where
they can supply bursts of power, and enable the car to have quicker initial
acceleration.10 Moreover, supercapacitors could provide cranes with large amounts of
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energy with high power density when lifting containers, while some energy still
could be recovered when containers are lifted off to improve efficiency.7

1.3 Thesis Structure
For the purpose of developing high performance electrode materials for
electrochemical capacitors with the potential to be further developed into practical
applications in the future. Relatively easy, cost-effective and environmentallyfriendly methods amenable to future industrial production were sought with regard to
the fabrication of high performance electrode materials. The scope of this thesis work
is briefly outlined as follows:
Chapter 1 introduces the development history of electrochemical capacitors，the
application of electrochemical capacitors, and the thesis structure.
Chapter 2 presents a literature review on recent development in electrode materials
of electrochemical capacitors, including their preparation methods, morphologies,
and electrochemical performances, and also proposes literature gaps and research
plans.
Chapter 3 presents the main preparation methods, as well as the materials and
electrochemical characterization techniques.
Chapter 4 introduces a free-standing ultrathin Co/Co(OH)2 composite nanoflakes on
3D nickel foam for high-performance electrochemical capacitors.
Chapter 5 introduces the tuning morphology of Co3O4 on Ni foam with NH4F and
their application on electrochemical capacitors.
Chapter 6 introduces a high area-specific capacitance of Co(OH)2/hierarchical
nickel/nickel foam for electrochemical capacitors, and proposes the capacitance
increase mechanism during cycling process.
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Chapter 7 introduces a high area-specific capacitance and rate capability electrode of
electrochemical capacitors using filled Ni foam current collector loaded with
NiCo2O4 nanowire-clusters.
Chapter 8 introduces an energy-saving method to fabricate low crystallinity Ni-Co
carbonate hydroxide@graphene oxide for asymmetric electrochemical capacitors
application.
Chapter 9 summarizes the work in this thesis and proposed some prospects for the
development of electrochemical capacitors.
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Chapter 2
2 Literature Review
2.1 Classification of Electrochemical Capacitors
Electrochemical capacitors, also referred to as ultracapacitors or supercapacitors,
may be categorised into one of two types, namely electrical double layer
supercapacitors or faradic supercapacitors, according to their different energy storage
mechanisms.1

2.1.1 Electrical Double Layer Supercapacitors
Electric double layer supercapacitors exploit the electric double layer principle,
which may be explained by the Helmholtz model (Figure 2.1).

Figure 2.1 Simple Helmholtz model of the electrical double layer principle (a).
Illustration of the electrical double layer at the surface of a negative electrode
showing the outer Helmholtz plane (OHP) and the inner Helmholtz plane (IHP) (b).1

When an electrode (electronic conductor) is immersed in an electrolyte (ionic
conductor), the charges at the surface of the electrode and in the electrolyte facing

Chapter 2: Literature Review

7

the electrode will be spontaneously organised into an electrical double layer at the
electrode-electrolyte interface. An illustration of the simplified Helmholtz model is
shown in Figure 2.1a. The electrical double layer resembles a physical capacitor,
with the two charge layers separated by the molecular-dimension-ordered distance. It
should be mentioned that some factors affect the electrical double layer, such as the
surface structure of the electrode, chemical composition of the electrolyte, and
potential field between the two charge layers. A more complicated model of the
electrical double layer is illustrated in Figure 2.1b. In this model, the sizes of the ions
and their interaction with the electrode surface are taken into account. The inner
Helmholtz plane (IHP) is occupied by anions while the outer Helmholtz plane (OHP)
is dominated by cations. Practically, the model of the electrical double layer is far
more complicated than that described above. Electrical double layer formation on the
electrode surface occurs almost instantly, on the timescale of ~ 10-8 s, which means
that electrical double layers respond very quickly to potential changes, in contrast to
redox reactions that take place on timescales ranging between ~ 10-2 to 10-4 s.1 Upon
charging, the anions move to the positive electrode, and the cations move to the
negative electrode, while discharging involves the reverse processes. In electrical
double

layer

supercapacitors,

no

charges

are

transferred

across

the

electrode/electrolyte interface, meaning that the electrolyte concentration remains
constant during the entire charge-discharge process. For electrical double layer
supercapacitors, energy is stored at the double-layer interface.1-3

2.1.2 Faradic Supercapacitors
Faradic supercapacitors, also called pseudocapacitors are different from the electrical
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double layer supercapacitors. When applying a certain potential to a faradic
supercapacitors, not only are the ions from the electrolyte adsorbed into the electrode
surface, but the fast and reversible redox reactions also take place in the electrode
materials, and ions (charges) cross the double layer. The above situation is very
similar to the charging-discharging process in batteries. Figure 2.2 illustrates the
charging process in faradic supercapacitors, and, in this case, the active material is
Ni(OH)2. When charging, the OH- ions move to the electrode surface, and then they
are not only adsorbed on the surface of the Ni(OH)2, but also reacts with the Ni(OH)2,
forming NiOOH. The redox reaction not only occurs on the surface of Ni(OH)2, but
also in the bulk near the surface of the Ni(OH)2. Faradic supercapacitors could store
more energy via chemical reaction, so that they feature far higher specific
capacitance and energy density than electrical double layer supercapacitors.
Nevertheless, faradic supercapacitors have the disadvantage of lower power density
compared with electrical double layer supercapacitors, because the redox reaction
processes are slower than charge gathering and relaxation processes.3-5

Figure 2.2 Illustration of the charging process of faradic supercapacitors [Ni(OH)2].
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2.2 The Basic Configuration of Electrochemical Capacitors
The basic configuration of an electrochemical capacitor device is shown in Figure
2.3. The device consists of two electrodes (each consisting of electrode material
loaded on current collector), which are separated by an electrically-isolated
membrane. The electrolyte is filled in between the electrondes and the electrically
isolated membrane. Two current collectors are used for connection to the outer
potential.6

Figure 2.3 Basic configuration of electrochemical capacitor device.6

2.3 The Operation of Electrochemical Capacitors

Figure 2.4 Simple circuit for electrochemical capacitors.1
For the electrochemical capacitor cell, the two electrodes could be considered as two
capacitors (anode electrode and cathode electrode) in series, and Ri is the internal
resistance of the cell. The equivalent circuit of an electrochemical capacitor is shown
in Figure 2.4.
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The total capacitance of the cell could be expressed as Equation (2.1):
Ct = (Ca Cc ) / (Ca + Cc) Eq. (2.1)
In Equation (2.1), Ct represents the total capacitance of the cell, while Ca and Cc
represent the capacitance of the anode electrode and the capacitance of the cathode
electrode, respectively.
If the cell is a symmetric supercapacitor, that is Ca = Cc, the total capacitance Ct
should be the half of Ca or Cc.
If the cell is an asymmetric supercapacitor, that is Ca ≠ Cc, the total capacitance Ct
would be mainly determined by the smaller capacitance electrode.1,7

2.4 Symmetric

Supercapacitors

and

Asymmetric

Supercapacitors
In symmetric supercapacitors, that the anode electrode and cathode electrode have
the same specific capacitance value. The most common symmetric supercapacitors
are composed of carbon materials. Asymmetric supercapacitors mean that the anode
electrode and cathode electrode have different specific capacitance values. The most
common asymmetric supercapacitors have carbon materials as the cathode electrode
and metal oxides as the anode electrode.1,3

2.5 The Charging Process for Electrochemical Capacitors
The charging process for symmetric electrochemical capacitors is shown in Figure
2.5. When applying zero charge Q, both electrodes of a cell have the same voltage.
When charging, the potentials of the electrodes increase in opposite directions, and
each electrode has almost the same capacitance. When one of the electrodes
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approaches the stable state, which is determined by the electrolyte, the cell operating
voltage reaches its maximum value.1,3

Figure 2.5 Illustration of the charging process for a symmetric electrochemical
capacitors.1

2.6 The Advantages and Disadvantages of Electrochemical
Capacitors
Compared with batteries, electrochemical capacitors have some special advantages.
First of all, electrochemical capacitors have high power density. Energy density (Wh
kg-1) and power density (W kg-1) are the two key factors for evaluating
electrochemical capacitors, and their relationship is normally displayed in Ragone
plots. It is expected that electrochemical capacitors could provide high power density
and high capacitance simultaneously under high current densities. From the Ragone
plot in Figure 2.6, it can be seen that the power density of electrochemical capacitors
can reach 10 kW kg-1, but the lithium ion batteries only could reach 1.5 kW kg-1.8
The redox reactions taking place in lithium ion batteries are in the bulk of the
electrode, so the charging time is usually on the scale of hours. The redox reactions
taking place in electrochemical capacitors are in the bulk near the surface of the
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electrode, so the charging time can be very short, about 30 seconds. Therefore, the
energy of electrochemical capacitors can be obtained in a very short time.9-10

Figure 2.6 Ragone plot for modern energy storage devices.8
Secondly, electrochemical capacitors feature long-term cycling stability. For
electrochemical capacitors, the energy is stored in the surface or the bulk near the
surface of the electrode, which only involves relatively small or negligible amounts
of chemical charge transfer reactions and phase changes. Therefore, there is no
substantive damage to the electrode materials compared with lithium ion batteries, in
which the redox reactions occur in the bulk of the electrode. Usually, supercapacitors
could experience 500,000 - 1,000,000 cycles at the high current densities with only
small changes occurring, and their life expectancy is estimated to be up to 30
years.3,11-13
Thirdly, electrochemical capacitors feature long shelf life. Usually, electrochemical
capacitors kept on the shelf without operation for several months or years will not
experience severe self-discharge or corrosion. After charging, they still could reach
their original state but the voltage will have a slight decrease.12
Fourthly, electrochemical capacitors are environmentally-friendly, safe, and
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convenient. Commonly, electrochemical capacitors have non-hazardous or non-toxic
materials as their electrodes, and it is easy to dispose of waste materials, which make
them environmentally-friendly devices. Electrochemical capacitors would not give
rise to explosions or combustion. Supercapacitors have a wide operating temperature
window, from -20 to 60℃, which is convenient for daily use in various
environments.3
Also, electrochemical capacitors have some disadvantages.
First of all, the electrode materials for commercial electrochemical capacitors are still
very expensive, such as carbon based material with high surface area (at least 50
$ kg-1) and the rare metal oxide RuO2. Moreover, the organic electrolyte will also
add to the manufacturing cost for supercapacitors.3, 12
Secondly, electrochemical capacitors deliver low energy density. From the Ragone
plot (Figure 2.6), the energy density for electrochemical capacitors is below 5 Wh kg1

, which is far lower than that of lithium ion batteries (above 50 Wh kg-1). Currently,

commercial electrochemical capacitors can only deliver energy densities of 3-4 Wh
kg-1. This is the very big challenge for future research on electrochemical
capacitors.1-3

2.7 The Evaluation of Electrochemical Capacitors
Generally, there are several evaluation parameters for electrochemical capacitors,
including specific capacitance, energy density, and power density.14-16
The specific capacitance values of the single electrode or the cell could be expressed
by Equation (2.2):
C = I∆t /m∆V

Eq. (2.2)
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In Equation (2.2), I represents the discharging current (A), ∆t represents the
discharging time (s), m represents the mass of the active material (m), and ∆V
represents the voltage during discharging (V).
The energy density could be expressed by Equation (2.3):
E = 1/2 CV 2

Eq. (2.3)

In Equation (2.3), E (Wh kg-1) represents the energy density of the cell, C represents
the total capacitance (F g-1) of the cell, and V represents the operating voltage (V) of
the cell.
Clearly, if the operating voltage is increased, the energy density will be greatly
increased.
The power density could be expressed by Equation (2.4):
P = E/t

Eq. (2.4)

In Equation (2.4), P represents the power density (W kg-1) of the cell, E represents
the energy density (Wh kg-1) of the cell, and t represents the discharging time (s).
In addition, for faradic electrochemical capacitor materials, their theoretical specific
capacitance Ct could be expressed by Equation (2.5)17:
Ct = nF/(∆V Mr)

Eq. (2.5)

In Equation (2.5), n represents the moles of charges transferred per mole of active
materials, F represents Faraday’s constant (96485 C mol-1), ∆V represents the voltage
during the discharging process (V), and Mr represents the molar mass of the active
materials.
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Figure 2.7 Diagram showing the classification of electrochemical capacitor materials.

The classification of electrochemical capacitor materials is based on the different
energy storage mechanisms, which is similar to the classification of electrochemical
capacitors.3, 18-20 Eletrical double layer supercapacitor materials are mainly carbon
based materials, such as carbon nanotubes,21 activated carbon,22 graphene,23 and
carbon aerogel24. Faradic supercapacitor materials are mainly of two types: metal
oxides/hydroxides and conducting polymers. Metal oxides/hydroxides mainly
include RuO2,25 IrO2, MnO227, NiO,28 Ni(OH)2,29 Co(OH)2,30 Co3O4,31 Fe2O3,32
V2O5,33 SnO2,34 and MoO3.35 Conducting polymers mainly include polythiophene,36
polypyrrole,37 and polyaniline.38 Currently, hybrid electrochemical capacitor
materials are added as another type to supplement the classification. Most of them
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are composites, such as combinations of carbon based materials with metal
oxides/hydroxides39

or

conducting

polymers40,

or

combinatins

of

metal

oxides/hydroxides with conducting polymers.41 A diagram of the classifications of
electrochemical capacitor materials is shown in Figure 2.7.

2.8.1 Carbon Based Materials
Carbon based materials are widely applied in eletrical double layer supercapacitors.
Carbon based materials are considered as potential and promising electrode materials
for industrial production on a large scale.14 Carbon based materials have many
advantages, such as abundance of the carbon source, environmental friendliness,
relatively low cost, good electrical conductivity, easily processing methods, chemical
stability over a wide temperature range, high specific surface area, and easy
operation due to the hydrophilic surface.3,13-14 Carbon based materials store and
release energy at the interface between the electrode material and the electrolyte.
Therefore, the capacitance depends primarily on the surface area that could be
accessed by the electrolyte. There are many crucial factors affecting the
electrochemical performance of carbon based supercapacitors, including electrical
conductivity, specific surface area, the size and shape of pores, and the functional
groups on the surface.3, 14
Carbon based materials mainly include activated carbons, carbon nanotubes,
graphene, and carbon aerogel. In most cases, the measured specific capacitances of
carbon based materials are in the range of 75-175 F g-1 for aqueous electrolytes and
40-100 F g-1 for organic electrolytes.3
Conway has already proposed three favourable factors for carbon based materials for
electrical double layer supercapacitors. Firstly, carbon based materials should have
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high surface area, at least 1000 m2 g-1. Secondly, carbon based materials should have
a porous structure and good electrical conductivity. Thirdly, electrolyte should have
access to the interior pores of the carbon based materials.42
In order to obtain larger specific surface areas for carbon materials, which could
ensure good capability for ion accumulation at the interface of the electrode and
electrolyte, various fabrication methods have been developed, such as heat treatment,
alkaline treatment, steam treatment, plasma surface treatment with NH3, and CO2
activation treatment.43-51
Moreover, surface functionalization also was considered as an effective way to
improve the specific capacitance of carbon materials.52-55 Surface functional groups
or heteroatoms can improve the hydrophilicity or lipophilicity of the carbon materials
in aqueous or organic electrolytes and thus help the adsorption of ions. Meanwhile,
the presence of functional groups on the surfaces of carbon materials may give rise to
faradaic redox reactions, which could increase capacitance by 5-10%.6,56
Zhu et al. obtained a type of activated graphene, activated microwave exfoliated
graphene oxide (a-MEGO), with a high specific surface area of about 3100 m2 g-1
and good conductivity. A schematic illustration of the fabrication process for aMEGO is shown in Figure 2.8. KOH is used to activate the microwave exfoliated
graphene oxide (GO) (MEGO), and then MEGO is thermally treated to obtain the
final product a-MEGO. As an electrochemical capacitor materials, it shows the
specific capacitance of 165, 166, and 166 F g-1 at the current densities of 1.4, 2.8, and
5.7 A g-1, respectively.57
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Figure 2.8 Schematic illustration of the fabrication process for a-MEGO.57
Zhang et al. obtained a highly conductive and porous activated reduced graphene
oxide films (aG-O), and the specific surface area was about 2400 m2 g-1. A schematic
illustration of the fabrication process for aG-O is shown in Figure 2.9. First of all, a
colloidal suspension was obtained via addition of 1 M KOH to a G-O colloidal
suspension. Then, the water was evaporated by heating it until the suspension
thickened into an “ink paste” and thus made G-O by layer-by-layer stacking. Finally,
the dry G-O film was activated at high temperature. As an electrochemical capacitor
material, it shows the specific capacitance of 120 F g-1 at the current density of 10 A
g-1.58

Figure 2.9 Schematic illustration of the fabrication process of aG-O film.58

2.8.2 Conducting Polymers
The common conducting polymers in faradic supercapacitor applications are
polyaniline, polypyrrole, and polythiophene. The capacitance originates from the
redox reaction process. When an oxidation reaction takes place, ions are transferred
to the backbone of the conducting polymer, and when the reduction reaction takes
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place, the backbone of the conducting polymer releases ions into the electrolyte.
These redox reactions occur in the entire bulk of the conducting polymer, not only on
the surface. The charge and discharge processes do not involve any structural
alterations or phase changes, so the charge and discharge processes should be highly
reversible. Sometimes, swelling and shrinking of conducting polymers may occur
during charge and discharge processes, which wouldcause some mechanical
degradation and capacitance fading during cycling.
The conducting polymers have many advantages, such as good electronic
conductivity in the doped state, wide voltage windows, low cost, environmental
friendliness, high reversibility, high porosity, and high storage capability.3, 59-63

2.8.3 Metal Oxides/Hydroxides
Commonly, metal oxides are able to deliver higher energy density than carbon based
materials and better electrochemical stability than conducting polymer materials in
terms of electrochemical supercapacitor application.64 Two crucial factors affect their
electrochemical performance: firstly, the surface area of the active materials; and
secondly, electron and electrolyte ion transport.65 While the importance of surface
area is obvious，poor electron and electrolyte ion transport resulting from excessive
layering of the active material onto the current collector，especially for materials
with relatively poor electrical conductivity, will lower the specific capacitance and
rate capability.66 This is due to ion diffusion depths into the active materials of only
~ 20 nm67 and the inevitable “dead volume” effect associated with the use of
insulating binder.68
2.8.3.1 MnO2
MnO2 has the theoretical specific capacitance of 1370 F g-1, and it also owns the
advantages of low cost and environmental friendliness, which makes MnO2 one type
of promising electrode material.69
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The mechanism for storage on energy in MnO2 comes from the reversible successive
redox reactions on the surface of the electrode, which could be expressed by
Equation (2.6):
MnO2 + aH+ + b Li+ + (a + b)e− ↔ MnOOHaLib

Eq. (2.6)

In the above Equation (2.6), Li+ also could be Na+ or K+. The redox reaction takes
place through the intercalation and de-intercalation of Li+ on the surface of MnO2.70
Nevertheless, the poor conductivity of MnO2 (10–5–10–6 S cm–1) severely affects its
specific capacitance and its capability under high current densities.71-72
According to previous reports, various types of micro/nanoscale current collectors
are being fabricated, which could provide fast electron paths for MnO2 during the
redox reaction processes. In addition, depositing MnO2 on micro/nanoscale current
collector could make the particles more dispersed and smaller sized than on the
conventional flat substrates.
Lang et al. fabricated nanoporous Au as current collector via de-alloying Ag65Au35
thin films in 70% HNO3 solution, and then deposited MnO2 onto the nanoporous
gold via reducing KMnO4 to MnO2 with N2H4 (Figure 2.10a). The MnO2 was well
deposited on the nanoporous Au (Figure 2.10b), which exhibited the specific
capacitance of 1145 F g-1, very close to the theoretical value.70

Figure 2.10 Schematic illustration of fabrication process for nanoporous gold/MnO2
electrode material by directly growing MnO2 on nanoporous gold (a); Bright-field
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transmission electron microscope (TEM) image of the nanoporous gold/MnO2 with
the deposition time of 20 minutes (b).70
Dam et al. fabricated indium–tin oxide nanowires (ITONWs) on a titanium substrate
via chemical vapour deposition, and then electrochemically deposited MnO2 in
lyotropic liquid crystalline. The mesoporous MnO2 nanofibers uniformly covered the
ITONWs (Figure 2.11). The MnO2/ITONWs exhibited the high specific capacitance
of 821 F g-1, which is far better than the counterpart MnO2/Ti plate with 439 F g-1.73

Figure 2.11 Low magnification TEM image of MnO2/ITONWs heterostructure,
representing a uniform coating of MnO2 nanofibers on a ITONW (a); High
magnification TEM image of MnO2 coating with mesoporous structure (b).73
Sun et al. fabricated the hollow nickel dendrites via electrochemically depositing
copper, and then electrochemically depositing nickel, and finally de-alloying the
copper. Subsequently, MnO2 nanowires were electrochemically deposited on the
hollow nickel dendrites (Figure 2.12). The MnO2/Ni exhibited specific capacitance
of 1097 and 766 F g-1 at the current densities of 12.5 and 100 A g-1, respectively.74

Figure 2.12 TEM images of (a) Cu dendrites, (b) hollow Ni dendrites, and (c)
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Ni@MnO2 structure, respectively. The EDX line scan in (c) shows the composition
proﬁles of Mn, Ni, Cu, and O across a branch of the Ni@MnO2 structure (d).74
Su et al. fabricated nickel nanocone arrays (NCAs) via electrochemical deposition,
and then electrochemically deposited nanostructured MnO2 on the NCAs (Figure
2.13). This work showed that the NCAs had better adhesion with MnO2 compared
with titanium plate. The MnO2/NCA (MNN) electrode exhibited the high specific
capacitance of 632 F g-1 at the scan rate of 2 mV s-1.75

Figure 2.13 Scanning electron microscope (SEM) image of NCAs (a); SEM image
of nanostructured MnO2 deposited on NCAs (b); TEM image (c) and magniﬁed TEM
image (d) of MNN.75
Zhu et al. fabricated titanium nanowire arrays via hydrothermal reaction method, and
then electrochemically deposited MnO2 nanoflakes on them (Figure 2.14). The
MnO2/Ti electrode exhibited the high specific capacitance of 467.8 F g-1 at the
current density of 1 A g-1 with rate capability of 67% at the high current density of 20
A g-1.76

Figure 2.14 (a) SEM image of Ti nanowire array; (b) SEM image of MnO2/Ti.76

Chapter 2: Literature Review

23

Lei’s group fabricated nickel nanopore arrays as current collector. The fabrication
process is shown in Figure 2.15a-b, where anodized aluminum oxide (AAO)
membranes were used as the initial template, and then electron beam deposition and
electrochemical deposition were combined to obtain the nickel nanopore arrays.
Subsequently, MnO2 was electrochemically deposited on the nickel nanopore arrays
(Figure 2.15c-d). The MnO2@Ni nanopore array electrode exhibited the high specific
capacitance of 672 F g-1 at the scan rate of 2 mV s-1.77

Figure 2.15 (a) Schematic structure of nanopore (left) and nanowire (right) arrays; (b)
Schematic illustration of the fabrication process for a metallic nanopore array from
the AAO template (Al2O3): gold layer deposition (I), polymer inﬁltration (II),
template removal (III), Ni electrochemical deposition (IV), and polymer dissolution
(V); (c) SEM image of fabricated Ni nanopore array; (d) SEM image of fabricated Ni
nanopore arrays after being coated with 80 µg cm-2 MnO2.77
Lei’s group also adopted a similar method to fabricate SnO2/MnO2 core/shell
nanotubes (Figure 2.16a-b)78 and Pt/MnO2 core/shell nanotubes (Figure 2.16c)79,
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which exhibited the high specific capacitance of 910 F g-1 at the current density of 1
A g-1 and 810 F g-1 at the scan rate of 5 mV s-1, respectively.
According to the above previous reports about MnO2 electrode materials of faradic
supercapacitor, fabricating micro/nanoscale current collector is an effective method
to enhance the electronic conductivity of MnO2, and thus improve their
electrochemical performance.

Figure 2.16 TEM image with EDS line scans superimposed (a) and SEM image (b)
of SnO2/MnO2 core/shell nanotubes;78 SEM image of Pt/MnO2 core/shell nanotubes,
with the inset showing the top view (c).79
2.8.3.2 Co(OH)2
Co(OH)2

is

one

type

of

promising

electrode

material

for

faradic

supercapacitorsapplications because of its well-defined redox activity, great reaction
reversibility, low fabrication cost, natural abundance, environmental friendliness, and
high theoretical capacitance (3460 F g-1).80 Co(OH)2 has poor electronic conductivity,
however, yielding capacitances far lower than theoretical capacitance. The reaction
mechanism could be expressed in the following equations (2.7) and (2.8):
Co(OH)2 + OHCoOOH + OH-

CoOOH + H2O + eCoO2 + H2O + e-

Eq. (2.7)
Eq. (2.8)
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In order to overcome the intrinsic weakness, some novel current collectors were
fabricated to support the active material Co(OH)2.
Dam et al. fabricated an indium tin oxide (ITO) current collector, and then
electrochemically deposited Co(OH)2 (Figure 2.17a), which exhibited the high
specific capacitance of 2052 F g-1.81 Li et al. fabricated a porous Ni current collector
via the hydrothermal reaction method and H2 reduction, and then electrochemically
deposited Co(OH)2 (Figure 2.17b), which exhibited the high specific capacitance of
2380 F g-1.82 Kim et al. deposited the Co(OH)2 on Co foam (Figure 2.17c), and the
high capacitance of 559 F g-1 was achieved.83
According to the above previous reports about Co(OH)2 electrode materials of
faradic supercapacitor, fabricating micro/nanoscale current collector is also an
effective method to enhance the electronic conductivity of Co(OH)2, and thus
improve their electrochemical performance.

Figure 2.17 TEM image of Co(OH)2/ITO (a),81 TEM image of Co(OH)2/porous Ni
(b),82 and TEM image of Co(OH)2/Co foam (c).83
2.8.3.3 NiCo2O4
Recently, researchers have noticed that NiCo2O4 has better electronic conductivity, at
least two orders of magnitude larger than NiO and Co3O4.84 In addition, some studies
have already shown that NiCo2O4 has smaller resistance than NiO and Co3O4.
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NiCo2O4 has the stable spinel structure, rich electroactive centres, low cost, and
environmental friendliness, which make it a promising faradic supercapacitor
material.84-90

.
Figure 2.18 Spinel structure of the NiCo2O4 unit cell.91
NiCo2O4 is a type of a mixed valence spinel compound with the generic formula
AB2O4.
Figure 2.18 shows the spinel structure of the NiCo2O4 unit cell, where we can see
that the oxygen atoms are arranged in a cubic close-packed structure, and the A and
B cations occupy some or all of the octahedral and tetrahedral sites in the lattice.91-94
From another point of view, NiCo2O4 could be considered as arising from the
substitution of a nickel atom for one of the cobalt atoms in Co3O4. The nickel atom
has a similar size to cobalt atom, however, although there will still be different
physicochemical properties between NiCo2O4 and Co3O4, and the defects may give
rise to unexpected effects on the electrochemical performance.92 Some studies have
already revealed that NiCo2O4 displays pseudo-capacitive behaviour in alkaline
electrolyte with a potential window of 0–0.55 V, and the redox reactions could be
expressed by the following Equations (2.9) and (2.10): 92
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NiCo2O4 + OH- +H2O↔NiOOH + 2CoOOH + e-

Eq. (2.9)

CoOOH + OH-↔ CoO2 + H2O + e-

Eq. (2.10)

According to previous reports, three typical methods are adopted to synthesize the
NiCo2O4

with

different

morphologies

for

supercapacitors,

including

the

hydrothermal reaction method, electrochemical deposition, and the sol–gel method.92
Lou et al. adopted the solution method with the different precipitants urea and
hexamethylenetetramine, and a subsequent thermal treatment to obtain carbon
nanofiber (CNF) containing composites: CNF@NiCo2O4 nanorods (Figure 2.19a-b)
and CNF@NiCo2O4 nanosheets (Figure 2.19c-b), which showed specific capacitance
of 1023 and 1002 F g-1 at the current density of 1 A g-1, respectively.95 Lou et al. also
used a hydrothermal reaction and subsequent thermal treatment to fabricate NiCo2O4
nanowalls on nickel foam (Figure 2.19e-f), which showed specific capacitance of
1743 F g-1 at the current density of 7 A g-1.96

Figure 2.19 SEM images at different magnifications of CNF@NiCo2O4 nanorods (ab), SEM images at different magnifications of CNF@NiCo2O4 nanosheets (c-d),95
and SEM images at different magnifications of NiCo2O4 nanowalls on nickel foam
(e-f).96
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Liu et al. adopted hydrothermal reaction and chemical bath deposition, and
subsequent

thermal

treatment

to

obtain

NiCo2O4@NiCo2O4

core–shell

nanostructures (Figure 2.20a-b), which showed the specific areal capacitance of 2.2 F
cm-2. The core–shell nanostructures could enhance the specific areal capacitance and
also could improve the cycling performance.97 Zhang et al. adopted a two-step
hydrothermal

reaction

and

subsequent

thermal

treatment

to

obtain

NiCo2O4@NiMoO4 core–shell nanostructures (Figure 2.20c-d), which showed the
high specific capacitance of 2474 F g-1 and 2080 F g-1 at the current densities of 1 A
g-1 and 20 A g-1, respectively. This result also reveals that the core-shell structure
could enhance the specific capacitance.98

Figure

2.20

SEM

image

of

NiCo2O4

nanowalls

(a)

and

hierarchical

NiCo2O4@NiCo2O4 core–shell nanostructures (b);97 SEM images of the NiCo2O4
nanowires (c) and hierarchical NiCo2O4@NiMoO4 core–shell nanostructures (d).98
2.8.3.4 Metal Carbonate Hydroxide
Nowadays, porous NiO,99 Co3O4,100 NiCo2O4101, and NixCo1-xO2102 (0 < x < 1) have
attracted great attention as supercapacitor materials, which can be transformed via
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precursors to metal carbonate hydroxides Ni2(CO3)(OH)2, Co2(CO3)(OH)2,
NiCo2(CO3)3(OH)6, and Ni(1-x)Cox(CO3)(OH)2 (0 < x < 1) without structural
deformation.103 Theoretically, the metal carbonate hydroxides also possess rich redox
reaction sites, which make them ideal materials for supercapacitors.104 The
electrochemical performance of the metal carbonate hydroxides as supercapacitor
electrodes has not been widely investigated, however. The divalent metal carbonate
hydroxides have the general formula M2(CO3)(OH)2 (where M could be Ni, Co, Fe,
Zn, Mg, Ca, or Cu ions or pairs of such ions), and they also have a unique crystal
structure. The stacking sequence of M2(CO3)(OH)2 consists of M(OH)6 octahedral
layers (A) and CO32- ion interlayers (B), which form a layered structure stacking
arrangement such as A–B–A–B–A–B. Specifically, in an octahedron, OH- is located
at the apices of the octahedron, while the M cation occupies the centre. CO32- ion
interlayers are inserted between the M(OH)6 octahedral layers.105-106 These metal
carbonate hydroxides may extend the series of materials for energy storage and
conversion systems.
Mahmood et al. obtained chlorine-doped carbonated cobalt hydroxide via the
hydrothermal reaction method. The chlorine-doped carbonated cobalt hydroxide
exhibits the nanowire morphology and good crystallinity. An SEM image, TEM
image, and the X-ray diffraction (XRD) pattern of the chlorine-doped carbonated
cobalt hydroxide are shown in Figure 2.21. As supercapacitor electrode material,
chlorine-doped carbonated cobalt hydroxide exhibits the specific capacitance of 9893
F g-1 at 0.5 A g-1, although the rate capability is relatively low, only 20% at 8 A g1 107

.
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Figure 2.21 SEM image (a), TEM image with inset selected area diffraction (SAED)
pattern (b), and XRD pattern (c) of the chlorine-doped carbonated cobalt
hydroxide.107
In order to improve the rate capability for supercapacitor electrode, Ghosh et al.
obtained cobalt carbonate hydroxide grown on carbon fibre via the hydrothermal
reaction method. The cobalt carbonate hydroxide exhibited the nanowire morphology
and good crystallinity. The SEM images at various magnifications and XRD pattern
of the cobalt carbonate hydroxide grown on carbon fibre are shown in Figure 2.22.
As supercapacitor electrode materials, cobalt carbonate hydroxide exhibited the
specific capacitance of 550 F g-1 at 2 A g-1 with rate capability of 75% at 5 A g-1.108

Figure 2.22 SEM images at various magnifications (a-d), and XRD pattern (e) of the
cobalt carbonate hydroxide grown on carbon fibre.108
In order to enhance the specific surface area of the material, Lu et al. obtained cobaltaluminum carbonate hydroxide on nickel foam via the hydrothermal reaction method,
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and then etched away the aluminum in alkaline solution. The cobalt carbonate
hydroxide exhibited the nanosheet morphology and good crystallinity. An SEM
image, TEM image, and the XRD pattern of the cobalt carbonate hydroxide are
shown in Figure 2.23. As supercapacitor electrode material, cobalt carbonate
hydroxide exhibited the specific capacitance of 1075 F g-1 at 0.63A g-1 with rate
capability of 72% at 6.3 A g-1.104

Figure 2.23 SEM image (a), TEM image (b), and XRD pattern (c) of the cobalt
carbonate hydroxide.104
In addition, some composites of cobalt carbonate hydroxide with carbon-based
materials were obtained via the hydrothermal reaction method. Xie et al. obtained
cobalt carbonate hydroxide@N-doped graphene (CCH@NG), which exhibited the
specific capacitance of 1690 F g-1 at 1 A g-1 with rate capability of 80% at 10 A g-1.
An SEM image of CCH@NG composite is shown in Figure 2.24a.109 Leng et al.
obtained a cobalt carbonate hydroxide@graphene (CCH@G) composite, which
exhibited the specific capacitance of 988 F g-1 at 1 A g-1 with the rate capability of
82% at 10 A g-1. An SEM image of the CCH@G composite is shown in Figure
2.24b.110 Garakani et al. obtained cobalt carbonate hydroxide@graphene (CCH@G-2)
composite via the hydrothermal reaction method, which exhibited the specific
capacitance of 1134 F g-1 at 2 A g-1 with the rate capability of 75% at 10 A g-1. An
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SEM image of the CCH@G-2 composite is shown in Figure 2.24c.111 Li et al.
obtained a cobalt carbonate hydroxide@graphene (CCH@G-3) composite via the
hydrothermal reaction method, which exhibited the specific capacitance of 197 F g-1
at 0.2 A g-1 with the rate capability of 69% at 1.8 A g-1. The SEM image of
CCH@G-3 composite is shown in Figure 2.24d.112 Masikhwa et al. obtained a cobalt
carbonate hydroxide@activated carbon (CCH@AC) composite, which exhibited the
specific capacitance of 301 F g-1 at 1 A g-1 with the rate capability of 64% at 10 A g-1.
An SEM image of the CCH@AC composite is shown in Figure 2.24e.113 In the
above composites of cobalt carbonate hydroxide with carbon-based materials, the
cobalt carbonate hydroxide exhibited the nanowire morphology and good
crystallinity.

Figure 2.24 SEM image of CCH@NG composite (a),109 SEM image of CCH@G
composite (b),110 SEM image of CCH@G-2 composite (c),111 SEM image of
CCH@G-3 composite (d),112 and SEM image of CCH@AC composite (e).113
Zhu et al. obtained nickel carbonate hydroxide via the hydrothermal reaction method.
The nickel carbonate hydroxide (NCH) exhibited a hierarchical microsphere
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morphology and low crystallinity. An SEM image, TEM image and XRD patterns of
the NCH are shown in Figure 2.25. As supercapacitor electrode material, the nickel
carbonate hydroxide exhibited the specific capacitance of 1178 F g-1 at 0.5 A g-1 with
the rate capability of 52% at 10 A g-1.103

Figure 2.25 SEM image (a), TEM image (b), and XRD pattern (c) of the nickel
carbonate hydroxide.103
In order to improve the rate capability of supercapacitor electrodes, Chen et al.
obtained nickel carbonate hydroxide grown on carbon nanotube paper via the
hydrothermal reaction method. The nickel carbonate hydroxide exhibited the
nanowire morphology and low crystallinity. SEM images at various magnifications
and the XRD pattern of the cobalt carbonate hydroxide grown on carbon fibre are
shown in Figure 2.26. As supercapacitor electrode material, the cobalt carbonate
hydroxide exhibited the specific capacitance of 1517 F g-1 at 0.5 A g-1 with the rate
capability of 60% at 10 A g-1.114
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Figure 2.26 SEM image (a), TEM image (b), and XRD pattern (c) of the nickel
carbonate hydroxide grown on carbon nanotube paper.114
In order to enhance the specific surface area of nickel carbonate hydroxide, some
composites of nickel carbonate hydroxide with metal-organic frameworks were
obtained via the hydrothermal reaction method. Gao et al. obtained a nickel
carbonate hydroxide@zeolitic imidazolate framework-8 (NCH@ZIF-8) composite,
which exhibited the specific capacitance of 851 F g-1 at 5 mV s-1 with the rate
capability of 49% at 30 mV s-1. An SEM image of the NCH@ZIF-8 composite is
shown in Figure 2.27a, and the NCH shows an interconnected nanoflake
morphology.115 Gao et al. also obtained a nickel carbonate hydroxide@zeolitic
imidazolate framework-67 (NCH@ZIF-67) composite, which exhibited the specific
capacitance of 1037 F g-1 at 5 mV s-1 with the rate capability of 67% at 30 mV s-1.
An SEM image of NCH@ZIF-67 composite is shown in Figure 2.27b, and the NCH
shows the nanowire morphology.116 In both of the above composites, the nickel
carbonate hydroxide exhibited low crystallinity.

Figure 2.27 SEM image of NCH@ZIF-8 composite (a),115 and SEM image of
NCH@ZIF-67 composite (b).116
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Some mixed metal carbonate hydroxide materials were obtained, which exhibited
higher specific capacitance compared with the pure metal carbonate hydroxide
materials.
Yang et al. obtained mixed nickel-cobalt carbonate hydroxide on AlOOH-coated
graphite paper via the hydrothermal reaction method. The mixed nickel-cobalt
carbonate hydroxide exhibited a nanowire and nanoplate morphology, and low
crystallinity. An SEM image, TEM image, and XRD pattern of the mixed nickelcobalt carbonate hydroxide on AlOOH-coated graphite paper are shown in Figure
2.28a-c, and the nickel-cobalt carbonate hydroxide exhibited the nanowire and
nanoplate morphology. As supercapacitor electrode materials, mixed nickel-cobalt
carbonate hydroxide on AlOOH-coated graphite paper exhibited the specific
capacitance of 1297 F g-1 at 1 A g-1 with rate capability of 76% at 10 A g-1.117 In
addition, Yang et al. obtained a mixed nickel-cobalt carbonate hydroxide@graphene
composite via the hydrothermal reaction method. An SEM image, TEM image, and
XRD pattern of the mixed nickel-cobalt carbonate hydroxide@graphene composite
are shown in Figure 2.28d-f, and the nickel-cobalt carbonate hydroxide exhibits the
nanowire morphology. As supercapacitor electrode material, the mixed nickel-cobalt
carbonate hydroxide@graphene composite exhibited the specific capacitance of 1398
F g-1 at 1 A g-1 with the rate capability of 72% at 10 A g-1.118 Both of the above
mixed nickel-cobalt carbonate hydroxide samples exhibited good crystallinity.
Zheng et al. obtained mixed nickel-copper carbonate hydroxide on Cu foam via the
hydrothermal reaction method. The mixed nickel-copper carbonate hydroxide
exhibited the nanowire morphology and good crystallinity. As supercapacitor
electrode material, the mixed nickel-copper carbonate hydroxide on Cu foam
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exhibited the specific capacitance of 971 F g-1 at 1 A g-1 with the rate capability of
70% at 10 A g-1.119 Liu et al. obtained mixed cobalt-copper carbonate hydroxide via
the hydrothermal reaction method. The mixed nickel-copper carbonate hydroxide
exhibited microspheres with a flake morphology and good crystallinity. As
supercapacitor electrode material, the mixed cobalt-copper carbonate hydroxide
exhibited the specific capacitance of 789 F g-1 at 1 A g-1 with the rate capability of
50% at 10 A g-1.120

Figure 2.28 SEM image (a), TEM image (b), and XRD pattern (c) of the mixed
nickel-cobalt carbonate hydroxide on AlOOH-coated graphite paper.117 SEM image
(d), TEM image (e), and XRD pattern (f) of the mixed nickel-cobalt carbonate
hydroxide@graphene composite.118
According to the above previous reports about metal carbonate hydroxide electrode
materials of faradic supercapacitor, most of them were fabricated via hydrothermal
reaction method above 80 ℃ over at least 6 h, and exhibited the good crystallinity.

Chapter 2: Literature Review

37

2.9 Literature Gaps
(1) From the previous literature, most metal oxide/hydroxide materials for
supercapacitor electrodes are powdery, which is necessary for mixing with carbon
black (conductive agent) and polyvinylidene difluoride or polytetrafluoroethylene
(binder). This is tedious in industrial production and will also undermine the
electrochemical

performance

because

of

“dead”

volume

effect

during

electrochemical reactions.
(2) Many previous papers reported very high specific mass capacitance with low
mass loading of active materials, however, which renders very low specific area
capacitance and practical applications. Some researchers utilized the “core/shell”
structure to enhance the mass loading, and thus enhance the specific area capacitance,
but the rate capability under high current density is relative low due to the poor
electrical conductivity of the active materials.
(3) Most metal oxide/hydroxide materials have the inherent shortcoming of poor
electrical conductivity, and they could not provide fast paths for electron transport to
the current collector when charging and discharging, which will limit both their
capacitance and their power density simultaneously under high current chargedischarge processes. Although some current collectors have been fabricated to
support active materials to improve the electrochemical performance, such current
collectors usually rely on complicated and high-cost equipment such as chemical
vapor deposition (CVD) and atomic layer deposition (ALD), or expensive materials
such as porous Au and porous Pt.
(4) In the current research stage, researchers are paying more attention to the
fabrication of energy storage and conversion materials with different methods with
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high electrochemical performance, and rarely concern themselves with energy-saving
methods to fabricate such materials.

2.10 Research Plans
To address the above mentioned limitation (1) in the previous section, free-standing
ultrathin Co/Co(OH)2 composite nanoflakes were electrochemically deposited on
nickel foam to fabricate electrochemical capacitor electrodes, in order to enhance the
electrical conductivity of the electrode material and the mechanical adhesion
between electrode material and the current collector, and also avoid the “dead”
volume effect during electrochemical reactions. The related work is presented in
Chapter 4.
To address the above-mentioned limitations (1) and (2), the additive NH4F was
adopted as a growth promoter in the conventional hydrothermal reaction to enhance
the Co3O4 mass loading on nickel foam, and thus to enhance the specific area
capacitance. The effects of the amount of NH4F on the morphology and mass loading
were investigated, and the electrochemical performance of the resultant
electrochemical capacitor electrodes was evaluated. The related work is presented in
Chapter 5.
To address the above mentioned limitations (1), (2), and (3), two types of
hierarchical current collector were fabricated to enhance the surface area and
improve the electrical conductivity of the active material. The first type of current
collector, consisting of hierarchical nickel/nickel foam, was fabricated through a
two-step electrochemical deposition, and then the nanometer-scale active material
Co(OH)2 was deposited on it to form the electrochemical capacitor electrode. The
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second type of current collector, consisting of micro/nanoscale nickel filled nickel
foam, was fabricated by initially filling nickel foam with nickel slurry and sintering it
to yield microscale nickel-filled nickel foam, followed by electrochemical deposition
of nano-nickel, and then the active material NiCo2O4 was loaded on via hydrothermal
reaction with the growth promoter NH4F, followed by annealing. The related work is
presented in Chapter 6 and Chapter 7, respectively.
To address the above mentioned limitation (4), a novel energy-saving method was
designed to fabricate Ni-Co carbonate hydroxides and graphene oxide composite,
which avoids the hydrolysis of urea at high temperature and high pressure via the
conventional hydrothermal method. The related work is presented in Chapter 8.

2.11 References
1. M. Winter and R. J. Brodd, Chemical Reviews, 2004, 104, 4245-4269.
2. P. Simon and Y. Gogotsi, Nature Materials, 2008, 7, 845-854.
3. G. Wang, L. Zhang and J. Zhang, Chemical Society Reviews, 2012, 41, 797-828.
4. B. Conway, V. Birss and J. Wojtowicz, Journal of Power Sources, 1997, 66, 1-14.
5. C.-M. Chuang, C.-W. Huang, H. Teng and J.-M. Ting, Energy & Fuels, 2010, 24,
6476-6482.
6. R. Kötz and M. Carlen, Electrochimica Acta, 2000, 45, 2483-2498.
7. A. Pandolfo and A. Hollenkamp, Journal of Power Sources, 2006, 157, 11-27.
8. P. Thounthong, V. Chunkag, P. Sethakul, B. Davat and M. Hinaje, IEEE
Transactions on Vehicular Technology, 2009, 58, 3892-3904.
9. A. Kusko and J. DeDad, IEEE Industry Applications Magazine, 2007, 13, 66-72.
10. M. Uzunoglu and M. Alam, IEEE Transactions on Energy Conversion, 2008, 23,

Chapter 2: Literature Review

40

263-272.
11. M. Inagaki, H. Konno and O. Tanaike, Journal of Power Sources, 2010, 195,
7880-7903.
12. A. Burke, Journal of Power Sources, 2000, 91, 37-50.
13. Y. Zhang, H. Feng, X. Wu, L. Wang, A. Zhang, T. Xia, H. Dong, X. Li and L.
Zhang, International Journal of Hydrogen Energy, 2009, 34, 4889-4899.
14. L. L. Zhang and X. Zhao, Chemical Society Reviews, 2009, 38, 2520-2531.
15. H. Pan, J. Li and Y. Feng, Nanoscale Research Letters, 2010, 5, 654.
16. L.-Q. Mai, A. Minhas-Khan, X. Tian, K. M. Hercule, Y.-L. Zhao, X. Lin and
X. Xu, Nature Communications, 2013, 4, 2923.
17. C. Zhou, Y. Zhang, Y. Li and J. Liu, Nano Letters, 2013, 13, 2078-2085.
18. H. Lee, M. S. Cho, I. H. Kim, J. Do Nam and Y. Lee, Synthetic Metals, 2010, 160,
1055-1059.
19. E. Frackowiak, Physical Chemistry Chemical Physics, 2007, 9, 1774-1785.
20. G. A. Snook, P. Kao and A. S. Best, Journal of Power Sources, 2011, 196, 1-12.
21. S. Hu, R. Rajamani and X. Yu, Applied Physics Letters, 2012, 100, 104103.
22. Z. Fan, J. Yan, T. Wei, L. Zhi, G. Ning, T. Li and F. Wei, Advanced Functional
Materials, 2011, 21, 2366-2375.
23. L. T. Le, M. H. Ervin, H. Qiu, B. E. Fuchs and W. Y. Lee, Electrochemistry
Communications, 2011, 13, 355-358.
24. J. Li, X. Wang, Q. Huang, S. Gamboa and P. Sebastian, Journal of Power Sources,
2006, 158, 784-788.
25. W. Wang, S. Guo, I. Lee, K. Ahmed, J. Zhong, Z. Favors, F. Zaera, M. Ozkan and
C. S. Ozkan, Scientific Reports, 2014, 4, 4452.

Chapter 2: Literature Review
26. Y. Chen, J. Cai, Y. Huang, K. Lee and D. Tsai, Nanotechnology, 2011, 22,
115706.
27. G. Yu, L. Hu, N. Liu, H. Wang, M. Vosgueritchian, Y. Yang, Y. Cui and Z. Bao,
Nano Letters, 2011, 11, 4438-4442.
28. S. Ci, Z. Wen, Y. Qian, S. Mao, S. Cui and J. Chen, Scientific Reports, 2015, 5,
11919.
29. J. Yan, Z. Fan, W. Sun, G. Ning, T. Wei, Q. Zhang, R. Zhang, L. Zhi and F. Wei,
Advanced Functional Materials, 2012, 22, 2632-2641.
30. Z. Yu, Z. Cheng, S. R. Majid, Z. Tai, X. Wang and S. Dou, Chemical
Communications, 2015, 51, 1689-1692.
31. Y. Wang, Y. Lei, J. Li, L. Gu, H. Yuan and D. Xiao, ACS Applied Materials &
Interfaces, 2014, 6, 6739-6747.
32. G. Binitha, M. Soumya, A. A. Madhavan, P. Praveen, A. Balakrishnan, K.
Subramanian, M. Reddy, S. V. Nair, A. S. Nair and N. Sivakumar, Journal of
Materials Chemistry A, 2013, 1, 11698-11704.
33. V. Aravindan, Y. L. Cheah, W. F. Mak, G. Wee, B. V. Chowdari and S. Madhavi,
ChemPlusChem, 2012, 77, 570-575.
34. Y. Liu, Y. Jiao, Z. Zhang, F. Qu, A. Umar and X. Wu, ACS Applied Materials &
Interfaces, 2014, 6, 2174-2184.
35. J. Chang, M. Jin, F. Yao, T. H. Kim, V. T. Le, H. Yue, F. Gunes, B. Li, A. Ghosh
and S. Xie, Advanced Functional Materials, 2013, 23, 5074-5083.
36. A. Laforgue, P. Simon, C. Sarrazin and J.-F. Fauvarque, Journal of Power
Sources, 1999, 80, 142-148.
37. R. Sharma, A. Rastogi and S. Desu, Electrochemistry Communications, 2008, 10,

41

Chapter 2: Literature Review

42

268-272.
38. H. Xie, Y. Zhu, Y. Wu, Z. Wu and E. Liu, Materials Research Bulletin, 2014, 50,
303-306.
39. X.-C. Dong, H. Xu, X.-W. Wang, Y.-X. Huang, M. B. Chan-Park, H. Zhang, L.-H.
Wang, W. Huang and P. Chen, ACS Nano, 2012, 6, 3206-3213.
40. S. Biswas and L. T. Drzal, Chemistry of Materials, 2010, 22, 5667-5671.
41. Q. Qu, Y. Zhu, X. Gao and Y. Wu, Advanced Energy Materials, 2012, 2, 950-955.
42. B. E. Conway, Electrochemical Supercapacitors: Scientific Fundamentals and
Technological Applications, Kluwer Academic/Plenum Publisher, New York,
1999.
43. E. Frackowiak, S. Delpeux, K. Jurewicz, K. Szostak, D. Cazorla-Amoros and F.
Beguin, Chemical Physics Letters, 2002, 361, 35-41.
44. E. Raymundo-Pinero, K. Kierzek, J. Machnikowski and F. Béguin, Carbon, 2006,
44, 2498-2507.
45. K. H. An, W. S. Kim, Y. S. Park, J.-M. Moon, D. J. Bae, S. C. Lim, Y. S. Lee and
Y. H. Lee, Advanced Functional Materials, 2001, 11, 387-392.
46. M. Lillo-Ródenas, D. Lozano-Castelló, D. Cazorla-Amorós and A. LinaresSolano, Carbon, 2001, 39, 751-759.
47. D. Lozano-Castello, M. Lillo-Rodenas, D. Cazorla-Amorós and A. LinaresSolano, Carbon, 2001, 39, 741-749.
48. E. Raymundo-Pinero, D. Cazorla-Amorós, A. Linares-Solano, S. Delpeux, E.
Frackowiak, K. Szostak and F. Béguin, Carbon, 2002, 40, 1614-1617.
49. K. Jurewicz, K. Babeł, A. Ziółkowski and H. Wachowska, Journal of Physics and
Chemistry of Solids, 2004, 65, 269-273.

Chapter 2: Literature Review

43

50. K. Xia, Q. Gao, J. Jiang and J. Hu, Carbon, 2008, 46, 1718-1726.
51. J. Li, Q. Wu and G. Zan, RSC Advances, 2014, 4, 35186-35192.
52. T. Momma, X. Liu, T. Osaka, Y. Ushio and Y. Sawada, Journal of Power Sources,
1996, 60, 249-253.
53. F. Regisser, M.-A. Lavoie, G. Y. Champagne and D. Bélanger, Journal of
Electroanalytical Chemistry, 1996, 415, 47-54.
54. F. Béguin, K. Szostak, G. Lota and E. Frackowiak, Advanced Materials, 2005, 17,
2380-2384.
55. G. Lota, B. Grzyb, H. Machnikowska, J. Machnikowski and E. Frackowiak,
Chemical Physics Letters, 2005, 404, 53-58.
56. H. Pan, C. K. Poh, Y. P. Feng and J. Lin, Chemistry of Materials, 2007, 19, 61206125.
57. Y. Zhu, S. Murali, M. D. Stoller, K. Ganesh, W. Cai, P. J. Ferreira, A. Pirkle, R.
M. Wallace, K. A. Cychosz and M. Thommes, Science, 2011, 332, 1537-1541.
58. L. L. Zhang, X. Zhao, M. D. Stoller, Y. Zhu, H. Ji, S. Murali, Y. Wu, S. Perales,
B. Clevenger and R. S. Ruoff, Nano Letters, 2012, 12, 1806-1812.
59. L.-Z. Fan and J. Maier, Electrochemistry Communications, 2006, 8, 937-940.
60. V. Gupta and N. Miura, Materials Letters, 2006, 60, 1466-1469.
61. M. Kalaji, P. Murphy and G. Williams, Synthetic Metals, 1999, 102, 1360-1361.
62. K. R. Prasad, K. Koga and N. Miura, Chemistry of Materials, 2004, 16, 18451847.
63. Y.-k. Zhou, B.-l. He, W.-j. Zhou, J. Huang, X.-h. Li, B. Wu and H.-l. Li,
Electrochimica Acta, 2004, 49, 257-262.
64. D.-D.

Zhao, S.-J. Bao, W.-J. Zhou and H.-L.

Li,

Electrochemistry

Chapter 2: Literature Review

44

Communications, 2007, 9, 869-874.
65. J. Li, J. Xiao, Z. Wang, Z. Wei, Y. Qiu and S. Yang, Nano Energy, 2014, 10, 329336.
66. R. Li, Z. Hu, X. Shao, P. Cheng, S. Li, W. Yu, W. Lin and D. Yuan, Scientific
Reports, 2016, 6, 18737.
67. C.-C. Hu, K.-H. Chang, M.-C. Lin and Y.-T. Wu, Nano Letters, 2006, 6, 26902695.
68. S. Wu, K. Hui, K. Hui and K. H. Kim, Journal of Materials Chemistry A, 2016, 4,
9113-9123.
69. M. Toupin, T. Brousse and D. Bélanger, Chemistry of Materials, 2004, 16, 31843190.
70. X. Lang, A. Hirata, T. Fujita and M. Chen, Nature Nanotechnology, 2011, 6, 232236.
71. J.-K. Chang and W.-T. Tsai, Journal of the Electrochemical Society, 2003, 150,
A1333-A1338.
72. D. Bélanger, L. Brousse and J. W. Long, The Electrochemical Society Interface,
2008, 17, 49.
73. D. T. Dam and J.-M. Lee, Nano Energy, 2013, 2, 933-942.
74. Z. Sun, S. Firdoz, E. Y.-X. Yap, L. Li and X. Lu, Nanoscale, 2013, 5, 4379-4387.
75. Z. Su, C. Yang, B. Xie, Z. Lin, Z. Zhang, J. Liu, B. Li, F. Kang and C. P. Wong,
Energy & Environmental Science, 2014, 7, 2652-2659.
76. D. Zhu, Y. Wang, G. Yuan and H. Xia, Chemical Communications, 2014, 50,
2876-2878.
77. H. Zhao, C. Wang, R. Vellacheri, M. Zhou, Y. Xu, Q. Fu, M. Wu, F. Grote and Y.

Chapter 2: Literature Review

45

Lei, Advanced Materials, 2014, 26, 7654-7659.
78. F. Grote, L. Wen and Y. Lei, Journal of Power Sources, 2014, 256, 37-42.
79. L. Wen, Y. Mi, C. Wang, Y. Fang, F. Grote, H. Zhao, M. Zhou and Y. Lei, Small,
2014, 10, 3162-3168.
80. L. Cao, F. Xu, Y. Y. Liang and H. L. Li, Advanced Materials, 2004, 16, 18531857.
81. D. T. Dam and J.-M. Lee, Nano Energy, 2013, 2, 1186-1196.
82. J. Li, J. Xiao, Z. Wang, Z. Wei, Y. Qiu and S. Yang, Nano Energy, 2014, 10, 329336.
83. Y. K. Kim, S. I. Cha and S. H. Hong, Journal of Materials Chemistry A, 2013, 1,
9802-9808.
84. T. Y. Wei, C. H. Chen, H. C. Chien, S. Y. Lu and C. C. Hu, Adv. Mater., 2010, 22,
347-351.
85. X. Wang, W. S. Liu, X. Lu and P. S. Lee, J. Mater. Chem., 2012, 22, 2311423119.
86. Y. Li, P. Hasin and Y. Wu, Adv. Mater., 2010, 22, 1926-1929.
87. H. Chen, J. Jiang, L. Zhang, T. Qi, D. Xia and H. Wan, J. Power Sources, 2014,
248, 28-36.
88. C. Yuan, J. Li, L. Hou, X. Zhang, L. Shen and X. W. D. Lou, Adv. Funct. Mater.,
2012, 22, 4592-4597.
89. B. Cui, H. Lin, J. B. Li, X. Li, J. Yang and J. Tao, Adv. Funct. Mater., 2008, 18,
1440-1447.
90. H. Jiang, J. Ma and C. Li, Chem. Commun., 2012, 48, 4465-4467.
91. Q. Wang, B. Liu, X. Wang, S. Ran, L. Wang, D. Chen and G. Shen, J. Mater.

Chapter 2: Literature Review

46

Chem., 2012, 22, 21647–21653.
92. Z. Wu, Y. Zhu and X. Ji, Journal of Materials Chemistry A, 2014, 2, 14759-14772.
93. X. Wang, W. Tian, T. Zhai, C. Zhi, Y. Bando and D. Golberg, J. Mater. Chem.,
2012, 22, 23310–23326
94. R. W. Grimes, A. B. Anderson and A. H. Heuer, J. Am. Chem. Soc., 1989, 111, 1–
7.
95. G. Zhang and X. W. D. Lou, Scientific Reports, 2013, 3, 1470.
96. G. Zhang and X. W. D. Lou, Advanced Materials, 2013, 25, 976-979.
97. X. Liu, S. Shi, Q. Xiong, L. Li, Y. Zhang, H. Tang, C. Gu, X. Wang and J. Tu,
ACS Applied Materials & Interfaces, 2013, 5, 8790-8795.
98. Q. Zhang, Y. Deng, Z. Hu, Y. Liu, M. Yao and P. Liu, Physical Chemistry
Chemical Physics, 2014, 16, 23451-23460.
99. C. Yuan, X. Zhang, L. Su, B. Gao and L. Shen, Journal of Materials Chemistry,
2009, 19, 5772-5777.
100. X.-h. Xia, J.-p. Tu, Y.-j. Mai, X.-l. Wang, C.-d. Gu and X.-b. Zhao, Journal of
Materials Chemistry, 2011, 21, 9319-9325.
101. C. Yuan, J. Li, L. Hou, X. Zhang, L. Shen and X. W. D. Lou, Advanced
Functional Materials, 2012, 22, 4592-4597.
102. C. Guan, Y. Wang, M. Zacharias, J. Wang and H. J. Fan, Nanotechnology, 2014,
26, 014001.
103. G. Zhu, C. Xi, M. Shen, C. Bao and J. Zhu, ACS Applied Materials &
Interfaces, 2014, 6, 17208-17214.
104. Z. Lu, W. Zhu, X. Lei, G. R. Williams, D. O'Hare, Z. Chang, X. Sun and X.
Duan, Nanoscale, 2012, 4, 3640-3643.

Chapter 2: Literature Review
105. P. Manikandan and P. Periasamy, Materials Research Bulletin, 2014, 50, 132140.
106. B. Rusch, J.-M. R. Génin, C. Ruby, M. Abdelmoula and P. Bonville, Solid
State Sciences, 2008, 10, 40-49.
107. N. Mahmood, M. Tahir, A. Mahmood, J. Zhu, C. Cao and Y. Hou, Nano
Energy, 2015, 11, 267-276.
108. D. Ghosh, M. Mandal and C. K. Das, Langmuir, 2015, 31, 7835-7843.
109. H. Xie, S. Tang, J. Zhu, S. Vongehr and X. Meng, Journal of Materials
Chemistry A, 2015, 3, 18505-18513.
110. X. Leng, L. Wu, Y. Liu, C. Li, S. Wei, Z. Jiang, G. Wang, J. Lian and Q.
Jiang, Journal of Materials Chemistry A, 2016, 4, 17171-17179.
111. M. A. Garakani, S. Abouali, B. Zhang, Z.-L. Xu, J. Huang, J.-Q. Huang, E. K.
Heidari and J.-K. Kim, Journal of Materials Chemistry A, 2015, 3, 1782717836.
112. Y. Li, J. Li, S. Zhang, N. Wang and Z. Zhou, Int. J. Electrochem. Sci, 2015,
10, 8005-8016.
113. T. M. Masikhwa, J. K. Dangbegnon, A. Bello, M. J. Madito, D. Momodu and
N. Manyala, Journal of Physics and Chemistry of Solids, 2016, 88, 60-67.
114. H. Chen, Y. Kang, F. Cai, S. Zeng, W. Li, M. Chen and Q.Li, Journal of
Materials Chemistry A, 2015, 3, 1875-1878.
115. Y. Gao, J. Wu, W. Zhang, Y. Tan, J. Gao, B. Tang and J. Zhao, RSC
Advances, 2014, 4, 36366-36371.
116. Y. Gao, J. Wu, W. Zhang, Y. Tan, J. Gao, B. Tang and J. Zhao, Journal of
Applied Electrochemistry, 2015, 45, 541-547.

47

Chapter 2: Literature Review

48

117. J. Yang, C. Yu, X. Fan and J. Qiu, Advanced Energy Materials, 2014, 4,
1400761.
118. J. Yang, C. Yu, X. Fan, C. Zhao and J. Qiu, Advanced Functional Materials,
2015, 25, 2109-2116.
119. X. Zheng, Y. Ye, Q. Yang, B. Geng and X. Zhang, Chemical Engineering
Journal, 2016, 290, 353-360.
120. S. Liu, K. Hui, K. Hui, V. V. Jadhav, Q. X. Xia, J. M. Yun, Y. Cho, R. S.
Mane and K. H. Kim, Electrochimica Acta, 2016, 188, 898-908.

Chapter 3: Experimental

49

Chapter 3
3 Experimental
3.1 Materials Preparation Methods
The materials preparation methods referred to in this thesis mainly include
electrochemical deposition, hydrothermal reaction, high temperature sintering, and
chemical precipitation.

3.1.1 Electrochemical Deposition
Electrochemical deposition is a process that uses electric current to reduce metal
cations dissolved in electrolyte, with the reduced metal cations deposited on the
cathode. For example, Ni electrochemical deposition on a cathode may be described
by the reduction equation:
Ni2+(aq) + 2e-  Ni(s)

Eq. (3.1).

Sometimes, electrochemical deposition may be achieved via an electrochemical
reaction followed by a precipitation reaction, as is commonly used to synthesize
metal hydroxides. For example, Co(OH)2 may be prepared from an electrolyte
containing Co2+ and NO3- ions. Initially the electrochemical reaction
NO3-(aq) + 7H2O(l) + 8e-  10OH-(aq) + NH4+(aq)

Eq. (3.2)

Initially, the electrochemical reaction takes place at the cathode followed by the
chemical reaction Co2+(aq) + 2OH-(aq)  Co(OH)2(s). An important aspect of
electrochemical deposition is the ability to control the morphology by control of
parameters such as current density, temperature, concentration of additives,
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supporting electrolyte concentration, and time.1-2 In addition, electrochemical
deposition is easy to operate and time-saving.3

3.1.2 Hydrothermal Reaction Method
The hydrothermal reaction method is a type of synthesis performed in a closed and
aqueous solution under high temperature (100 – 1000 °C) and high pressure (1 MPa
–1 GPa). Autoclaves used for hydrothermal reaction typically include a
polytetrafluoroethylene (PTFE)-lined stainless steel vessel. For safety reasons, the
reaction solution volume should be less than 2/3 of the vessel volume. The
hydrothermal reaction method exhibits an obvious advantage compared with other
synthesis methods in terms of controlled and even morphology, since the material
will experience slow growth under high temperature and high pressure. It is typically
straightforward to obtain nanoscale materials using the hydrothermal reaction
method, especially for the urea hydrolysis reaction yielding metal hydroxides4 and
metal carbonate hydroxides.5 In addition, the hydrothermal reaction method may be
scaled up for production.3

3.1.3 Sintering Method
Sintering is a process involving compacting and forming a solid mass of material
using heat or pressure without melting it at the liquefaction point, and is commonly
used for metals. Metal sintering requires the use of a protective gas, such as N2, Ar,
or H2, in order to prevent the metal from being oxidised. During sintering, metal
atoms will diffuse across inter-particle boundaries, causing the particles to fuse
together and thus create a solid mass of material. The merits of the sintering method
include the ability to produce nearly net-shaped materials with uniform porosity.6

3.1.4 Chemical Precipitation Method
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Chemical precipitation is a process involving the formation of a solid phase from a
solution. The solid phase formed is called the “precipitate”, while the chemical used
to initiate the reaction is usually called the “precipitant”. The chemical
precipitation method is typically low-cost, easy to operate, time-saving, and
amenable to large-scale production. Typically, however, the morphology is difficult
to control and surfactants are added for controlling morphology.3, 7-8

3.2 Materials Characterization Techniques
3.2.1 Powder X-ray Diffraction (XRD)
Powder XRD is mainly used to identify crystal structures and phases of samples.
Prior to analysis, the sample must be finely ground and homogenized. XRD signals
occur due to constructive interference of monochromatic X-rays following
diffraction through a crystalline sample when conditions satisfy Bragg's Law (nλ =
2dsinθ), where n represents any integer, λ represents the X-ray wavelength, d
represents the distance between lattice planes, and θ represents the angle of incidence
with the lattice plane. In this doctoral thesis, all XRD patterns were collected using a
Rigaku D/MAX 2550 VB/PC X-ray diffractometer.

3.2.2 Raman Spectroscopy
Raman spectroscopy is a widely used spectroscopic technique, and is mainly used to
collect information on low-frequency vibrational and rotational modes in a system.
The laser interacts with phonons, molecular vibrations, or other excitations, causing
the energy of some of the laser photons to shift upward or downward. Such shifts in
energy provide information on vibrational modes in the system, which are specific to
certain chemical bonds and the symmetry of the molecules. In this doctoral thesis, all
Raman spectra were collected using a Horiba Jobin Yvon HR800 Raman
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spectrometer.

3.2.3 Fourier Transform Infrared Spectroscopy (FTIR)
FTIR involves the interaction of infrared radiation with a sample and is most often
performed in transmission mode. The technique exploits the fact that molecules
absorb frequencies that are characteristic of their structure. These absorptions
are resonant frequencies that match the vibrational frequency of the molecules.
Normally mid-infrared (~ 4000–400 cm−1) frequencies are utilised to investigate
fundamental vibrations and the associated rotational-vibrational structure. In this
doctoral thesis, FTIR spectra were collected using a Nicolet Nexus 470 FTIR
spectrometer.

3.2.4 X-ray Photoelectron Spectroscopy (XPS)
XPS is a surface-sensitive quantitative spectroscopic technique. Specifically, this
technique can measure the elemental composition, oxidation state, quantity, and
binding energies of a sample. XPS spectra are recorded by irradiating a sample
with X-rays and measuring the kinetic energy and number of electrons with an
escape depth of typically < 10 nm. XPS data in this doctoral thesis was collected
using a PHOIBOS 100 Analyser from SPECS, a high-vacuum chamber with base
pressure < 10-8 mbar, and incident X-rays provided by Al Kα radiation with photon
energy of 1486.6 eV at 12 kV and 120 W.

3.2.5 Scanning Electron Microscopy (SEM)
In SEM a high-energy electron beam is used to scan a sample and produce images.
The interaction of incident electrons with the sample produces signals that reflect the
surface topography and composition of the sample. The incident electron beam is
rastered, and its position is combined with the detected signal to produce an image.
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In this doctoral thesis SEM images were collected using a JEOL JSM-7500FA field
emission scanning electron microscope.

3.2.6 Transmission Electron Microscopy (TEM)
In TEM a high-energy electron beam is transmitted through a sufficiently thin
specimen, with the interaction between incident electrons and the specimen resulting
in the formation of an image. TEM can provide specimen information, including on
morphology, crystal structure, and electronic structure. In addition, selected area
electron diffraction (SAED) can be used to identify crystal structures and crystal
defects. In this doctoral thesis, TEM was carried out using JEOL JEM-ARM200F,
JEOL JEM-2011 and JEOL JEM-2100F transmission electron microscopes.

3.3 Electrochemical Characterization Techniques

Figure 3.1 Schematic diagram of 3-electrode electrochemical cell.
Electrochemical properties of electrode materials were measured in a 3-electrode
electrochemical cell (Figure 3.1) at room temperature using 2 M KOH electrolyte.
The electrode material was used as the working electrode, platinum plate was used as
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the counter electrode, and saturated calomel electrode (SCE) or Hg/HgO was used as
the reference electrode.

3.3.1 Cyclic Voltammetry (CV)

Figure 3.2 CV curves of carbon based materials (a)9; CV curves of
pseudocapacitance materials (b)11.
CV is a type of potentiodynamic electrochemical measurement. Specifically, the
measurement involves changing the potential to obtain the redox current direction. A
cyclic potential is applied, scanning from an initial potential to a final potential at a
fixed rate, and then, at the same scan rate, returning to the starting potential, which
constitutes a cycle. Through this CV analysis, it is easy to obtain information on the
potentials at which the redox reactions occur. In supercapacitor studies, CV testing is
normally used to characterize the capacitive behaviour of the electrode material. It is
expected that carbon-based materials display a symmetric rectangular shape in their
CV curves because they will not experience quick faradic redox reactions, and also,
the shape will not be changed greatly with increasing scan rates. Typical CV curves
of carbon based materials (carbon nanotube (CNT) film) are shown in Figure 3.2a.
For the pseudocapacitance materials, such as metal/oxide hydroxide, a pair of redox
peak normally can be observed owing to the quick faradic redox reactions that take
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place during the scanning, and the positions of the redox peaks are related to their
morphologies and chemical compositions.10 Typical CV curves of pseudocapacitance
materials (NiO) are shown in Figure 3.2b. In this doctoral thesis work, the CV data
were collected on CH660C and Biologic VPM3 electrochemical workstations.
3.3.2

Galvanostatic Charge-Discharge (GCD)

Figure 3.3 Galvanostatic charge-discharge curves of carbon based materials (a)9;
galvanostatic charge-discharge curves of pseudocapacitance materials (b)12.
Galvanostatic charge-discharge is a type of measurement to record the charge and
discharge time at a specific constant current density within a certain potential
window. Galvanostatic charge-discharge is an important measurement to evaluate the
capacity and cycling stability for a supercapacitor material, and it can also evaluate
the rate capability of the supercapacitor material with increasing current density.
Usually, it is expected that carbon-based materials display the symmetric and linear
charge and discharge curves because they will not experience faradic redox reactions.
Typical galvanostatic charge-discharge curves of carbon based materials (CNT film)
are shown in Figure 3.3a. The pseudocapacitance materials, however, normally
display charge and discharge plateaus, and the potential positions of the charge and
discharge plateaus are related to their morphologies and chemical compositions.10
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Typical galvanostatic charge-discharge curves of pseudocapacitance materials (NiO)
are shown in Figure 3.3b. In this doctoral thesis work, the GCD data were collected
on CH660C and Biologic VPM3 electrochemical workstations, and the cycling
stability tests were conducted with a battery testing system (Land®, Wuhan, China).

3.3.3 Electrochemical Impedance Spectroscopy (EIS)

Figure 3.4 Electrochemical impedance spectroscopy Nyquist plot.15
EIS (Nyquist plot) is an important type of experimental measurement technique to
evaluate electrochemical properties. Usually, for a supercapacitor material, the
electrochemical impedance spectrum consists of a semicircle in the high frequency
region and a straight line in the low frequency region. Generally, the equivalent
series resistance (intercept of semicircle with the x-axis) consists of the electrolyte
resistance, the active material resistance, and the contact resistance between the
active materials and the current collector. The semicircle in the high frequency
region reflects the properties of the electrode surface, including the charge transfer
resistance (Rct). The straight line in the low frequency region reflects the diffusion of
ions into the electrode materials from the electrolyte.13-14 Typical electrochemical
impedance spectra or Nyquist plots are shown in Figure 3.4. In this doctoral thesis
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work, the EIS data were collected on CH660C and Biologic VPM3 electrochemical
workstations in the frequency range from 0.01 Hz to 100 kHz at open circuit
potential by applying a sinusoidal waveform with amplitude of 5 mV.
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Chapter 4
4 Smart Design of Free-standing Ultrathin
Co/Co(OH)2 Composite Nanoflakes on
3D Nickel Foam for High-performance
Electrochemical Capacitors
4.1 Introduction
Nowadays, tremendous research efforts have been made in energy storage and
conversion from clean and renewable energy sources due to the increasing demand
for such energy.1-4 Electrochemical capacitors (ECs) are one type of promising
energy storage device with the merits of high power density, good pulse
charge−discharge characteristics, and long lifetime, which make them applicable in
many portable systems and in hybrid electric vehicles.5-6 There are three major types
of electrode materials for ECs: carbon materials7, metal oxides/hydroxides8, and
conducting polymers9. Among the various electrode materials, ruthenium oxide
exhibits excellent electrochemical performance, with long lifespan and high specific
capacitance.10 Its high cost, low porosity, and toxic nature have limited its
commercial application, however. Therefore, cheaper and more environmentallyfriendly metal oxides/hydroxides need to be developed, such as NiO11, Co3O412,
Fe3O413, Co(OH)214, and V2O515. Among the inexpensive materials, Co(OH)2 has
been considered as a promising electrode material for ECs, owing to its well-defined
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redox activity, great reaction reversibility, low fabrication cost, natural abundance,
and environmental friendliness. Various methods have been developed to synthesize
Co(OH)2, such as the hydrothermal method16, sol-gell7, and electrodeposition18.
It is well known that metallic cobalt coating through electrodeposition has been
widely applied in industry, but its microstructure is commonly compact and bulklike19-22, which could not satisfy the requirement for ECs with high specific surface
area, although after electrodeposition of the metallic Co, the surface will be oxidized
to Co(OH)223-25, which is an ideal active material for ECs.
In this Chapter, considering the above two characteristics, we have adopted the
electrodeposition technique to fabricate ultrathin Co/Co(OH)2 composite nanoflakes
(CCCNs) on three-dimensional (3D) nickel foam current collector to enhance their
specific surface area. The experimental process is detailed in experimental section.
To the best of our knowledge, there have been no reports on the fabrication of such
ultrathin Co/Co(OH)2 composite nanoflakes and their application as electrode
materials in ECs. The unique design of CCCNs for ECs electrode material possesses
obvious advantages, as described below. Figure 4.1 presents a schematic diagram of
the structure of the CCCNs.
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Figure 4.1 Schematic diagram of ultrathin Co/Co(OH)2 composite nanoflakes for
ECs.
This structure has the following advantages: (a) The un-oxidized metallic Co in each
nanoflake has high electrical conductivity and provides fast paths for electron
transport to the current collector, which could overcome the key shortcoming of the
poor conductivity of Co(OH)2. (b) The Co(OH)2 and metallic Co are integrated in
every flake, unlike in reports where the Co(OH)2 was electrodeposited on a
conductive scaffold, which means that the active materials feature excellent
mechanical properties and will not fall off easily, which could keep the capacitance
relatively stable during charge-discharge cycling. (c) The CCCNs directly grown on
conductive nickel foam are binder-free electrode, ensuring excellent electrical
contact with the current collector, which enables every Co/Co(OH)2 composite
nanoflake to effectively participate in electrochemical reactions and avoid the “dead”
volume effect. (d) The nanoscale open pores between the Co/Co(OH)2 composite
flakes could enhance the transport of ions, and the ultrathin CCCNs could shorten the
ion diffusion paths, thereby leading to fast, reversible Faradaic reactions. (e) The
ultrathin Co/Co(OH)2 composite nanoflakes could enhance the utilization rate of the
active material Co(OH)2, because only the metallic Co surface can be oxidized to
Co(OH)2. (f) The initial electrodeposited metallic cobalt on the current collector has
better mechanical adhesion compared with Co(OH)2, which could avoid the electrical
isolation phenomenon, because the CCCNs would not detach easily from the current
collector during charge-discharge cycling.
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4.2 Experimental Section
4.2.1 Synthesis of Co/Co(OH)2 Composite Nanoflakes (CCCNs)
All reagents used in this experiment were of analytical grade without further
purification. Before electrodeposition, the nickel foam was carefully cleaned with
acetone and absolute ethanol, respectively, and then rinsed with pure water. The
electrolyte in the experiment was prepared from analytical grade chemicals and
deionized water, which consisted of 1 M CoCl2·6H2O, 0.5 M H3BO3, and 2 M
ethylenediamine dihydrochloride. In addition, the pH value of the electrolyte solution
was adjusted to 4.0 using 10% HCl and 10% NH3·H2O solutions. The electrolyte
temperature was kept on 40℃. A Pt plate was used as the anode, whereas a piece of
nickel foam was used as the substrate for electrodeposition. The cathode current
density was 10 A dm-2. The synthesis of Co/Co(OH)2 composite nanoflakes (CCCNs)
may comprise the elctrodeposition process via reaction (4.1) and subsequent
oxidation process in electrolyte via reaction (4.2). It should be noted that surface
metallic Co will be unavoidably oxidized by water into Co(OH)2 after
electrodeposition23-25. The process of synthesis CCCNs is illustrated in Figure 4.2.
Co2+(aq) + 2e → Co(s)

Eq. (4.1)

Co(s) + 2H2O → Co(OH)2⋅H2O + H+ + e–

Eq. (4.2)

The above two step reactions are different from general reported fabricating
Co(OH)2 in Co(NO)3 solution, which involves reduction of NO3- to generate OHspecies via reaction (4.3) , which in turn give rise to the formation of pure Co(OH)2
via reaction (4.4)18 .
NO3- + 7H2O + 8e- → NH4+ + 10OH-

Eq. (4.3)
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Co2+ + 2OH- → Co(OH)2

Eq. (4.4)

After electrodeposition, the nickel foam was carefully rinsed with deionized water
several times, and then dried in a 60 ºC oven for 8 hours. The mass of CCCNs was
estimated by weighing the mass before and after the electrodeposition process, after
drying, with an electronic balance (model MSA125P-100-DI, 0.01 mg resolution,
Sartorius, Germany).

Figure 4.2 Schematic illustration of the synthesis of Co/Co(OH)2 composite
nanoflakes on 3D nickel foam.

4.2.2 Materials Characterization
X-ray photoelectron spectroscopy (XPS) was conducted using a SPECS PHOIBOS
100 Analyser installed in a high-vacuum chamber with the base pressure below 10–8
mbar. X-ray excitation was provided by Al Kα radiation with photon energy hν =
1486.6 eV at the high voltage of 12 kV and power of 120 W. The XPS binding
energy spectra were collected with pass energy of 20 eV in the fixed analyzer
transmission mode. Wide-angle (10°–100°) powder X-ray diffraction (XRD) was
carried out using a polycrystalline X-ray diffractometer (RIGAKU, D/MAX 2550
VB/PC, 40 kV/200 mA, λ = 1.5406 Å). The morphologies were investigated by fieldemission scanning electron microscopy (FESEM; JEOL JSM-7500FA) and
transmission electron microscopy (TEM; JEOL JEM-ARM200F). Before FESEM
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testing, a 5 nm Pt coating was sputtered onto the sample in order to obtain clear
images.

4.2.3 Electrochemical Performance Measurements
The electrochemical performance of the as-prepared electrode was measured using
cyclic voltammetry (CV), galvanostatic charge/discharge (GCD) testing, and
electrochemical impedance spectroscopy (EIS) on an electrochemical workstation
(CHI 660c, Shanghai CH Instrument Company, China), with a typical threecompartment cell at ambient temperature. The saturated calomel electrode (SCE) was
used for the reference electrode. The electrolyte was 2 M KOH solution. EIS
measurements were performed by applying an AC voltage with 5 mV amplitude in
the frequency range from 0.01 Hz to 100 kHz. Cycling stability measurements were
carried out on a Land battery testing system.
The specific capacitance (Csp) was estimated from the CV curves according to the
following Equation (4.5):
Csp = (|Q-| + Q+) / (2m × ΔV )

Eq. (4.5)

where Q- and Q+ are the cathodic integrated charges and the anodic integrated
charges, respectively. m is the mass (g) of the CCCNs, and ΔV is the potential
window (0.55 V).
The specific capacitance was also estimated from the charge/discharge curves
according to the following Equation (4.6):
Csp = I×t / (m×ΔV)

Eq. (4.6)

where I is the current (A) during the charging/discharging process, t is the
discharging time (s) in each segment, ΔV is the potential window (0.55 V), and m is
the mass (g) of the CCCNs.
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The specific energy density, E (Wh kg-1), and specific power density, P (W kg-1),
were defined according to the following Equations (4.7) and (4.8), respectively:
E = Csp × ΔV 2 / 7.2

Eq. (4.7)

P = E × 3600 / t

Eq. (4.8)

4.3 Results and Discussion
4.3.1 Materials Characterisation Analysis
X-ray photoelectron spectroscopy (XPS) was employed to examine the surface
chemical states of CCCNs. Figure 4.3(a, b) presents the Co 2p and O 1s spectra of
the CCCNs, respectively. In Figure 4.3(a), there are two main Co 2p peaks, which
are located at binding energies of 797.2 eV (Co 2p1/2) and 781.3 eV (Co 2p3/2), and
the distance between these two peaks is 15.9 eV, which indicates that the Co2+ exists
in the form of Co(OH)2 . In addition, there is no apparent peak around 778 eV,
suggesting that the surface species was not the metallic cobalt. Figure 4.3(b) shows
the binding energy of the O 1s state at 531.1 eV, which confirms the presence of O-H
bonds from the Co(OH)2. The XPS measurements confirm that the surface of the
CCCNs is mostly covered by Co(OH)226-27.
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Figure 4.3 XPS spectra of (a) Co 2p and (b) O 1s for the CCCNs. (c) XRD pattern of
CCCNs. (d) SEM image of CCCNs. (e) STEM image of a single nanoflake, with the
inset showing the thickness of a single nanoflake. (f) High resolution STEM image
corresponding to (e). (g) STEM EDX mapping of O and Co.
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X-ray diffraction (XRD) analysis was used to determine the chemical composition
and the crystalline structure of the CCCNs. Because some peaks of cobalt overlap the
peaks from nickel foam, we used copper foam as the substrate for testing. In Figure
4.3(c), the peaks located at 41.76°, 44.40°, 47.60°, 76.02°, 90.30°, 92.62°, and 94.72°
were identical to the diffractions from hexagonal close-packed (hcp) Co (100), (002),
(101), (110), (200), (112), and (201) crystal planes, respectively (JCPDS No.050727). The peak located at 51.68°was assigned to the Co(OH)2 (102) crystal planes.
The scanning electron microscope (SEM) images in Figure 4.3(d) and high
resolution scanning electron microscope (HRSEM) Figure 4.4 show the surface
morphology of the CCCNs. On the nickel foam, there are obvious vertically grown
nanoflakes. Among the nanoflakes, there are uniformly distributed nanoscale open
pores, approximately 60 to 200 nm in diameter, which are able to facilitate the
penetration of electrolyte, reduce contact resistance, and enhance mass/charge
transfer at the interface between the electrode and electrolyte.

Figure 4.4 HRSEM image of CCCNs.
Figure 4.3(e) shows a scanning transmission electron microscope (STEM) image of a
single Co(OH)2/Co composite nanoflake, and the inset shows that the thickness of a
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typical flake is about 4.1 nm, which features the advantages of shortening the
diffusion distance and increasing the utilization of active materials. As can be seen
from Figure 4.3(f), the spacing between adjacent fringes was measured to be 0.19 nm
and 0.23 nm, corresponding to hcp Co (101) crystal planes and Co(OH)2 (101)
crystal planes, respectively. Figure 4.3(g) shows STEM energy dispersive X-ray
spectroscopy (EDX) mapping analysis of O (in red colour) and Co (in green colour),
which clearly indicates that the elements O and Co were uniformly distributed.

4.3.2 Electrochemical Analysis

Figure 4.5 Electrochemical characterization of CCCNs: (a) CV curves at various
scan rates. (b) Charge-discharge curves at various current densities. (c) Cycling
performance of CCCNs at the current density of 5 A g-1 for 5000 cycles. (d) EIS
spectrum of CCCNs, with the inset showing an enlargement of the high frequency
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region.
Figure 4.5(a) shows representative cyclic voltammetry (CV) curves of CCCNs at
scan rates ranging from 5 to 100 mV s-1. Well-defined redox peaks within the range
of -0.15–0.4V appear in all the curves, which demonstrates that the electrochemical
capacitance is derived from pseudocapacitive Faradaic redox reactions. Two quasireversible electron-transfer processes are observed, which are ascribed to plausible
reactions at the electrode/electrolyte interface. The first pair of peaks at about 0–0.1
V is assigned to the conversion between Co(OH)2 and CoOOH: Co(OH)2 + OHCoOOH + H2O + e-. The second pair of peaks at about 0.1–0.4 V is due to the
conversion between CoOOH and CoO2: CoOOH + OH-

CoO2 + H2O + e-.28

Figure 4.6 Linear relationship between cathodic peak current or anodic peak current
and the square root of the scan rate.
In Figure 4.6, the two redox reaction peak currents (cathodic and anodic) each
display linear relationships with the square root of the scan rate, indicating that the
reaction is diffusion controlled and that the CCCNs have good conductivity.29 In
addition, the shape of the CV curves is not significantly influenced by increasing
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scan rate, even at 100 mV s-1. This suggests that the CCCNs are suitable for fast
redox reactions with good rate capability.30-31 The specific capacitances calculated
from the CV curves (Figure 4.7) are 1000 F g-1, 910 F g-1, 841 F g-1, 801 F g-1, 754 F
g-1, and 684 F g-1 for scan rates of 5, 10, 20, 30, 50, and 100 mV s-1, respectively.
The above data shows that approximately 68 % of the capacitance was still retained
when the scan rate increased from 5 to 100 mV s-1.

Figure 4.7 Variation of the specific capacitance and the capacitance retention with
the scan rate.
Galvanostatic charge-discharge measurements were conducted within the potential
window of -0.15 to 0.4 V at a set of current densities ranging from 1 to 30 A g-1. As
shown in Figure 4.5(b), a highly symmetric shape during the charge-discharge
process was observed, and there was no apparent instantaneous potential drop at low
current density, which means that the CCCNs possess excellent conductivity.32
Moreover, there were two redox reaction regions (Co4+/Co3+, Co3+/Co2+) in all the
charge-discharge curves, which is in agreement with the CV curves, indicating the
good electrochemical performance. As shown in Figure 4.8, the specific capacitance
can be calculated as 980 F g-1 (at 1 A g-1), 924 F g-1 (at 2 A g-1), 913 F g-1 (at 3 A g-1),
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884 F g-1 (at 5 A g-1), 852 F g-1 (at 8 A g-1), 831 F g-1 (at 10 A g-1), 766 F g-1 (at 15 A
g-1), 738 F g-1 (at 20 A g-1), and 693 F g-1 (at 30 A g-1), respectively. The above
results show that approximately 71 % of the capacitance is still retained when the
charge-discharge rate is increased from 1 to 30 A g-1, demonstrating the good ion
diffusion and electron transport capability at high current density.30-31

Figure 4.8 Variation of the specific capacitance and capacitance retention with
current density.
Galvanostatic charge-discharge measurements were carried out for 5000 cycles at the
high current density of 5 A g-1 between -0.15 and 0.4 V. In Figure 4.5(c), it is clear
that the specific capacitance is almost constant over the first 3100 cycles, and there is
no capacitance loss. In the subsequent 1900 cycles, the capacitance only decreases by
9%. The retention of capacitance was 91 % after 5000 cycles. In addition, at the high
current density of 5 A g-1, the coulombic efficiency was relatively stable and high.
Figure 4.5(d) shows electrochemical impedance spectra (EIS) in the form of Nyquist
plots for as-prepared CCCNs electrode. It is well accepted that the equivalent series
resistance (ESR) is contributed by the electrolyte resistance, the resistance of the
active materials, and the contact resistance between the active materials and the
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current collector7, and in this work, the ESR is 0.98 Ω, indicating the high
conductivity of the CCCNs, which is due to the excellent electrical contact with the
nickel foam29. The semicircle in the high frequency region reflects the properties of
the electrode surface and indicates a charge transfer resistance (Rct) of 0.08 Ω, which
is relatively low. Therefore, it could be supposed that the metallic cobalt in the
CCCNs provides an ideal electron pathway for fast electron transport and ensures
excellent rate capability. The knee frequency [inset to Figure 4.5(d)] is found to be
69.75 Hz, which indicates good reaction kinetics, since the commonly reported knee
frequency is less than 10 Hz for ECs.33-36
Energy density and power density are two key factors in evaluating the suitability of
a material for ECs application. A good electrode material is expected to provide
high power density and high capacitance simultaneously at high charge-discharge
rates. Therefore, a Ragone plot (showing the relationship between the energy
density and the power density) is presented in Figure 4.9. It can be observed that,
with increased power density, the energy density is slowly reduced, reaching 41.19
Wh kg-1 at a power density of 0.28 kW kg-1, but still retaining 29.10 Wh kg-1 at a
power density of 8.25 kW kg-1, which could be attributed to the excellent rate
capability.
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Figure 4.9 Ragone plot of CCCNs.

4.4 Couclusions
In summary, we successfully fabricated free-standing ultrathin Co/Co(OH)2
composite nanoflakes on 3D nickel foam through electrodeposition for application
in ECs. The CCCNs exhibited excellent electrochemical performance. The
capacitance was calculated to be 1000 F g-1 at the scan rate of 5 mV s-1 and 980 F g1

at the galvanostatic charge-discharge current density of 1 A g-1, while the rate

capability was 68 % at the scan rate of 100 mV s-1 and 71 % at the galvanostatic
charge-discharge current density of 30 A g-1, respectively. In addition, the excellent
mechanical adhesion between the CCCNs and the nickel foam, and the Co/Co(OH)2
composite nanoflake structure ensure that the capacitance remains stable during
5000 charge-discharge cycles. We designed the Co/Co(OH)2 composite nanoflakes
on nickel foam to achieve high specific capacitance, good rate capability, and
excellent cycling performance at the same time, and the cycling performance is
particularly outstanding compared with reported works (Table 4.1), providing a new
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way to fabricate electrode materials for ECs with high performance.
Table 4.1 Comparison of the electrochemical performance in previous reports on
Co(OH)2 materials in ECs with the Co/Co(OH)2 composite nanoflakes presented here.
Preparation
Material
method
Co(OH)2

Electrodeposition

Specific

Rate

capacitance

capability

(F/g)

performanc

604 (5 mV s-1)

nanosheets
Co(OH)2

Cycling

e
75%

76%
-1

(50 mV s )
Electrodeposition

1180 (4 A g-1)

52%
37
(1000 cycles)

Electrodeposition

2052 (1 A g-1)

nanowires
Co(OH)2

Electrodeposition

881 (1 A g-1)

nanosheets
Co(OH)2

Electrodeposition

1084 (4 A g-1)

nanosheets
Co(OH)2

Electrodeposition

1473 (2 A g-1)

porous film
Dual-template

nanowires

electrodeposition

Co(OH)2

Chemical

Co(OH)2

precipitation
Hydrothermal

480 (1 A g-1)

416 (1 A g-1)

562 (2 A g-1)

nanocones
Co(OH)2

Chemical

nanoflakes

precipitation

Co(OH)2

Chemical

nanorods
Co(OH)2/TiO2

559 (5 mV s-1)

1139 (5 A g-1)

bath deposition
Electrodeposition

498 (5 mV s-1)

nanowalls
Co(OH)2/graph
ene
film
Co(OH)2
nanowires

74%

91.59%
-1

Electrodeposition

Hydrothermal

693 (2 A g-1)

358 (0.5 A g-1)

38

(20 A g )

(1200cycles)

87%

91%
-1

(10 A g )

(2000 cycles)

67%

95%
-1

(48 A g )

(500 cycles)

67%

88%
-1

(32 A g )

Co(OH)2

nanoflowers

18
(500 cycles)

_

nanowires
Co(OH)2/ITO

Ref.

performance

77%

93%

-1

(5 A g )

(500 cycles)

67%

88%
-1

(3000 cycles)

81%

81%
(2000 cycles)

33%

74%
(1000 cycles)

51%

82.5%

(125 mV s-1)

(5000 cycles)

73%

91.1%

45

46

(32 A g )

(3000 cycles)

90%

86.3%
-1

(10 A g )

14

44

(25 A g )

-1

27

43

(50mV s )

-1

41

42

(22 A g )

-1

40

(1000 cycles)

81%
(20 A g-1)

39

(5000 cycles)

47
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Co(OH)2

Chemical

nanocones

precipitation

1055 (1 A g-1)

28%

95%

(15 A g-1)

(2000 cycles)

48

71 %
Co/Co(OH)2
composite

-1

Electrodeposition

nanoflakes

This

1000 (5 mV s )

(100 mV s-1)

91%

or 980 (1 A g-1)

or 68 %

(5000 cycles)

work

(30 A g-1)
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Chapter 5
5 Tuning the Morphology of Co3O4 on Ni
Foam for Supercapacitors Application
5.1 Introduction
Spinel oxide Co3O4, as an important kind of p-type semiconductor material,
has attracted more and more attention due to its wide applications in field
emission,1 heterogeneous

catalysis,2

electrochromic

devices,3

magnetic

materials,4 biosensors,5 gas sensors,6 supercapacitors,7 and Li-ion batteries.8 So
far, many kinds of morphology have been fabricated for Co 3O4 nanomaterials,
such as nanowalls,9 nanosheets,10 nanotubes,11 nanocubes,12 nanonets,13
nanorods,14 nanospheres,15 nanobelts,16 nanoplates,17 nanomeshes,18 etc., in
order to enhance their performance in the particular application area.
Nowadays, energy storage and conversion materials have become an important
research subject because of the increasing global demand for energy.
Compared with Li-ion batteries, supercapacitors have the unique merits of
good pulse charge−discharge characteristics, high power density, and long
lifetime, making them applicable and indispensable in many portable systems
and hybrid electric vehicles.19-20 Co3O4 has been considered as a promising
electrode material for supercapacitors owing to its high theoretical capacitance,
well-defined redox activity, great reaction reversibility, low fabrication cost,
natural abundance, and environmental friendliness.21
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A free-standing and high specific capacitance electrode should be the most
promising electrode for potential practical applications in the future, because
such electrodes are highly efficient in industrial production, since the active
materials do not need to be mixed with carbon black (conductive agent) or
polyvinylidene difluoride (PVDF) binder. Among the many synthesis methods
for Co3O4, hydrothermal reaction could satisfy the above requirements, and it
also could be suitable for large-scale production.21 However, the mass loading
of Co3O4 on Ni foam through hydrothermal reaction is limited, which render
relatively low area capacitance. NH4F could be a potential promoter for mass
loading on current collector during hydrothermal reaction, while which could
affect their morphology.
In this Chapter, four morphologies of Co3O4 on Ni foam were obtained
through conventional hydrothermal reaction to fabricate the precursor, and
then, via thermal decomposition reactions, the final product. During the
hydrothermal reaction, different amounts of NH4F were applied as an additive
in the NH4F plays a pivotal role in forming the morphology of the Co 3O4
precursors, and four different morphologies were obtained: nanowires, thin
nanowire-clusters, thick nanowire-clusters, and fan-like bulks. Furthermore,
the morphological evolution process of the Co 3O4 precursors was investigated
according to their intermediates in different reaction stages, and some novel
growth mechanisms are proposed: Firstly, the amount of NH4F applied in the
solution system affects the chemical composition of the precursor. With a low
amount of NH4F, the precursor is Co(CO3)0.5(OH)·0.11H2O, while with
medium and high amounts of NH4F, the precursor is CoF1.3(OH)0.7; Secondly,
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with increasing amounts of NH4F in the solution system, the morphology will
tend to form more ordered states and more distinct hierarchical structures,
from nanowires to thin nanowire-clusters, to thick nanowire-clusters, and then
to fan-like bulks. Thirdly, with increasing amounts of NH4F in the solution
system, the final products tend to form denser structures. Nanowires tend to
stack together with the medium amount of NH4F, and the gaps among
nanowires are reduced significantly compared with the sparsely distributed
nanowires that are obtained with a small amount of NH4F. With a high amount
of NH4F, the nanowires are replaced by nanosheets, which further promote a
dense structure. Fourthly, the amount of NH4F in the solution system affects
the mass loading of products on the Ni foam. When introducing a medium
amount of NH4F in the solution system, the mass loading on Ni foam will
increase notably compared with that with a low amount of NH 4F, although the
mass loading on Ni foam does not increase linearly as the amount of NH 4F
increases, and a high amount of NH4F suppresses further increase in the mass
loading on Ni foam.
The electrochemical performances of the four different morphologies of Co 3O4
as free-standing electrode materials were tested for supercapacitor application.
Co3O4

with

the

thin-nanowire-cluster

morphology

exhibits

the

best

electrochemical performance among the four electrodes: the specific area
capacitance is 1.92 F cm-2 at the current density of 5 mA cm-2, rising to 2.88 F
cm-2 after 3000 charge discharge cycles, and the rate capability is 72.91% at
the current density of 30 mA cm-2. Its high specific area capacitance makes it
an ideal potential supercapacitor electrode for practical application.
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5.2 Experimental Section
5.2.1 Synthesis of Co3O4 on Ni Foam
All the chemical reagents were of analytical grade and were used without
further purification. Ni foam (1 cm × 3 cm) was cleaned with acetone in an
ultrasound bath for 5 min, rinsed with deionized water, immersed in 6 M
hydrochloric acid for 3 min to remove the possible surface oxide layer, and
finally rinsed with deionized water. 1 mmol CoCl2·6H2O, 10 mmol urea, and
different amounts of NH4F (1 mmol, 5 mmol, 10 mmol, and 20 mmol,
respectively) were dissolved in 18 mL deionized water to form a homogeneous
solution. The solutions were transferred into a 25 mL Teflon-lined stainless
autoclave, and the pretreated Ni foams were inserted vertically into the
autoclaves. The autoclaves were maintained at 115 º
C for 6 h and then
naturally cooled down to room temperature. The Ni foams were washed with
deionized water several times to remove the residual reactants and free debris,
and then dried at 80 ºC for 12 hours. Finally, the obtained precursors were
annealed at 300 º
C for 3 hours in air with the ramping rate of 2 º
C min-1 to
transform the precursor into Co3O4. The corresponding samples synthesised by
adding 1 mmol, 5 mmol, 10 mmol, and 20 mmol NH4F were denoted as
Co3O4-1, Co3O4-2, Co3O4-3, and Co3O4-4, respectively.

5.2.2 Materials Characterization
Scanning electron microscope (SEM) images were collected by a fieldemission scanning electron microscope (FESEM, JEOL JSM-7500, 2 k eV).
X-ray diffraction (XRD) patterns were collected on a polycrystalline X-ray
diffractometer (RIGAKU, D/MAX 2550 VB/PC, 40 kV/20 mA, λ = 1.5406 Å).
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Transmission electron microscope (TEM) images and high-resolution
transmission electron microscope (HRTEM) images were collected on a
transmission electron microscope (JEOL JEM-2011, 200 k eV).

5.2.3 Electrochemical Performance Measurements
The electrochemical performance of the as-prepared electrode was measured
using cyclic voltammetry (CV), galvanostatic charge/discharge (GCD) testing,
and electrochemical impedance spectroscopy (EIS) on an electrochemical
workstation (VMP-3) with a typical three-compartment cell at ambient
temperature. In the three-compartment cell, the Co3O4 electrode was used as
the working electrode, platinum plate was used as the counter electrode, and
saturated calomel electrode (SCE) was used as the reference electrode. EIS
testing was performed in the frequency range from 0.01 Hz to 100 kHz at the
open circuit potential by applying a sinusoidal waveform with amplitude of 5
mV. 2.0 M KOH solution was used as the electrolyte.

5.3 Results and Discussion
5.3.1 Materials Characterisation Analysis
SEM images of different morphologies of Co 3O4 are shown in Figure 5.1(a-h).
Fig. 5.1(a-b) shows the morphology of Co3O4-1, and it can be seen that there
are many nanowires covering the Ni foam in a disordered state. Fig. 5.1(cd) shows the morphology of Co3O4-2, which is very different from the
morphology of Co3O4-1, as some nanowires are now stacked together, taking
on the shape of thin nanowire-clusters, which represent hierarchical structure
to some extent. Compared with Co3O4-2, in Figure 5.1(e-f), the morphology of
Co3O4-3 features a thick nanowire-cluster structure, which means that every
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Figure 5.1 SEM images of the samples: Co3O4-1 (a-b), Co3O4-2 (c-d), Co3O4-3 (e-f),
and Co3O4-4 (g-h).
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nanowire-cluster consists of more nanowires, which renders the hierarchical
structure more distinct and thus leads to a more ordered state. It is noticeable
that the morphologies of Co3O4-1, Co3O4-2, and Co3O4-3 share some common
characteristics: their basic construction unit is the nanowire. The diameters of
these nanowires are in the range of 100-150 nm. It also should be noted that
the nanowires of Co3O4-2 and Co3O4-3 on Ni foam are denser than that of
Co3O4-1. In Fig. 5.1(g-h), the morphology of Co3O4-4 is totally different from
the above three morphologies: it shows some fan-like bulks appearing on the
Ni foam. With a closer view, the fan-like bulks are composed of many
nanosheets rather than nanowires, and they also display hierarchical structure.
To the best of our knowledge, the morphologies of Co3O4-3 and Co3O4-4 have
never been reported previously.

.
Figure 5.2 XRD patterns of the Co3O4 samples on Ni foam.
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In Figure 5.2, the XRD patterns reveal the crystal structure and phase purity of
as-obtained Co3O4-1, Co3O4-2, Co3O4-3, and Co3O4-4. The two highest
intensity peaks at 44.5˚and 51.8˚ are ascribed to the (111) and (200) planes of
metallic nickel (JCPDS No. 04-0850), respectively. The peaks at 31.4˚, 36.9˚,
59.3˚, and 65.2˚ in the four patterns belong to the (220), (311), (511), and (440)
planes of Co3O4 (JCPDS No. 42-1467).
Further morphology and structure characterizations were conducted by TEM,
as shown in Figure 5.3. In Figure 5.3(a, c, and e), the TEM images reveal the
basic construction units to be nanowires in Co3O4-1, Co3O4-2, and Co3O4-3,
respectively. It an be seen that these nanowires are highly porous, being
composed of interconnected nanoparticles approximately 10-25 nm in size.
The diameters of these nanowires are in the range of 100-150 nm, which is in
accordance with those observed in the SEM images. From Figure 3d, it can be
seen that the basic construction unit of Co3O4-4 is the nanosheet, with a size in
the range of 300-500 nm. The nanosheets display some wrinkling. From the
HRTEM images in Figure 5.3(b, d, f, and h), the (111), (220), and (400)
interplane spacings of 0.47, 0.29, and 0.21 nm respectively correspond to the
different crystallographic planes of Co 3O4, as indicated, which also matches
well with the XRD diffraction results.
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Figure 5.3 TEM images of Co3O4-1 (a), Co3O4-2 (c), Co3O4-3 (e), and Co3O4-4
(g); HRTEM images of Co3O4-1 (b), Co3O4-2 (d), Co3O4-3 (f), and Co3O4-4 (h).

5.3.2 Growth Analysis and Formation Mechanism
Figure 5.4 show the evolution process for the precursors of Co 3O4-1 (1 mmol
NH4F), Co3O4-2 (5 mmol NH4F), Co3O4-3 (10 mmol NH4F), and Co3O4-4 (20
mmol NH4F), at growing times of 20 min, 1 h, 2 h, and 4 h. On introducing a
low amount of NH4F (1 mmol), at 20 min into the initial stage (Figure 5.4a),
nanoflake clusters cover the nickel foam. When the reaction time was
prolonged to 1 h (Figure 5.4b), there were nanowires covering the nickel foam.
After 2 h reaction (Figure 5.4c), the Ni foam was totally covered by nanowires,
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Figure

5.4

Morphology evolutions shown in SEM images of the

corresponding precursors of Co3O4-1 (a-d), Co3O4-2 (e-h), Co3O4-3 (i-l), and
Co3O4-4 (e-h) for different reaction times: 20 min, 1 h, 2 h, and 4h.
and the nanowires became longer and slimmer. After 4 h (Figure 5.4d),
however, there was no apparent difference in morphology between 2 h and 4 h,
which indicates that the nanowires had finished their growth by 2 h. On
introducing a medium amount of NH4F (5 and 10 mmol) and a high amount of
NH4F (20 mmol), the morphology evolution process became complicated. At
20 min into the initial stage (Figure 5.4e, 5.4i, and 5.4m), nanoflakes covered
the nickel foam, but the nanoflakes with 10 and 20 mmol of NH 4F were more
ordered than that with 5 mmol of NH4F. After 1 h, some bulks composed of
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nanoflakes protruded on the Ni foam (Figure 5.4f, 5.4j, and 5.4n), but those
bulks with 10 or 20 mmol of NH4F were thicker than with 5 mmol. When the
reaction time was prolonged to 2 h, those bulks still protruded on the substrate,
but they had become bigger and denser (Figure 5.4g, 5.4k, and 5.4o), and the
thickness of the bulks with 10 and 20 mmol of NH4F was still greater than that
with less NH4F (5 mmol). After 4 h, the morphologies with medium amounts
(5 and 10 mmol) of NH4F evolved from bulks into nanowire- clusters (Figure
5.4h and 5.4l), which reveals the reason why clusters with 10 mmol of NH 4F
contained more nanowires than those with 5 mmol. The thickness of nanowire
clusters is dependent on the thickness of the initial formative bulks. As for the
morphology of bulks with a high amount of NH4F (20 mmol), the bulks
(Figure 5.4p) did not evolve into nanowire-clusters after 4 h and even after 6 h
(Figure 5.2g and 5.2h). Compared with samples with 5 and 10 mmol of NH4F,
they still kept the bulk-like structure, but after 6 h, the bulk was composed of
nanosheets (Fig. 5.2g, and 5.2h) rather than nanoflakes, and its final structure
is denser than for the other three counterparts. In addition, the growth of
nanowires with the lowest amount of NH4F (1 mmol) leads to a disordered
state, while the growth of nanowire clusters with medium amounts of NH 4F (5
and 10 mmol) displays relatively ordered behaviour, although the growth of
nanowire clusters with 10 mmol of NH4F is more ordered than that of
nanowire-clusters with 5 mmol of NH4F, and the hierarchical structure become
more distinct. It should be noted that the bulks with the highest amount of
NH4F (20 mmol) also exhibit an ordered state and hierarchical structure, with
the nanowires merely replaced by nanosheets.
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Figure 5.5 XRD pattern of the Co3O4-1 precursor (scratched from Ni foam after 6h
hydrothermal reaction).
Based on the above descriptions, it could be concluded that the amount of NH4F
affects the morphology of the Co3O4 precursor during the hydrothermal reaction
process. The most direct reason is that the compositions of the precursors for the
different samples are different. From the XRD patterns of these precursors after 6h
hydrothermal reaction (Figures 5.5 and 5.6), the precursor with the lowest amount of
NH4F (1 mmol) is Co(CO3)0.5(OH)·0.11H2O, while the precursors with medium
amounts of NH4F (5 and 10 mmol) and the highest amount of NH4F (20 mmol) are
CoF1.3(OH)0.7, which could explain our observations that introducing medium
amounts of NH4F (5 and 10 mmol) or a high amount of NH4F (20 mmol) makes the
morphology evolution process more complicated.
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Figure 5.6 XRD patterns of the Co3O4-2, Co3O4-3, and Co3O4-4 precursors
(scratched from Ni foam after 6h hydrothermal reaction).
From some previous reports, it is generally considered that F- anions could
slow down the nucleation rate and activate the substrate, because F - ions can
coordinate with Co2+ ions at the initial stage and then release the Co 2+ ion
slowly,22 but from this work, when there are medium amounts of NH4F (5 and
10 mmol) or a high amount of NH4F (20 mmol) in the solution system, the
precursor product is CoF1.3(OH)0.7, which could explain the greater
complication of the morphology evolution process. With a medium (5 or 10
mmol) or high (20 mmol) amount of NH4F in the solution system, the F- not
only takes part in the reaction, but also forms the stable precursor product
CoF1.3(OH)0.7. This also suggests that the formation of CoF 1.3(OH)0.7 helps to
reduce the nucleation rate to some extent, making the morphologies with 5 and
10 mmol of NH4F experience an evolution from bulks to nanowire clusters. It
should be noted that 20 mmol of NH4F hinders the formation of nanowires,
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and the bulks directly evolve into nanosheets, thus reducing the interspaces
among the nanowires, which further reveals that F - could slow down the
nucleation rate and make the structure denser. The proposed corresponding
mechanisms for the effects of different amount of NH4F on the morphology
are proposed, as shown in Figure 5.7

Figure 5.7 Proposed corresponding mechanism for the effect of NH4F on
morphology evolution.
The hydrothermal chemical reaction could be suggested as follows:
Co2++ xF- → [CoFx](x-2)-

Eq. (5.1)

H2NCONH2 + H2O → 2NH3 + CO2

Eq. (5.2)

NH3·H2O → NH4+ + OH-

Eq. (5.3)

2[CoFx](x-2)- +CO32- + 2OH-+ nH2O → Co2(OH)2CO3·nH2O + 2xF- Eq. (5.4)
[CoFx](x-2)- + OH- → Co(OH)F +

(x-1)F

-

Eq. (5.5)

Subsequently, the precursors transform to stable Co3O4 phase in air.
3Co2(OH)2CO3·nH2O + O2 → 2Co3O4 + (3n + 3)H2O + 3CO2

Eq. (5.6)

6Co(OH)F + O2 →2Co3O4 + 6HF

Eq. (5.7)
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In addition, the amount of NH4F in the reaction system plays a crucial role in
mass loading of products on Ni foam. After thermal treatment, the mass
loading of Co3O4 is approximately 0.95, 6.8, 6.3, and 3.96 mg cm-2 for 1 mmol,
5 mmol, 10 mmol, and 20 mmol of NH4F, respectively. Although
CoF1.3(OH)0.7 could reduce the nucleation rate and enhance the mass loading
of products, a high amount of NH4F (20 mmol) still suppresses further increase
of the mass loading of products. Optical images of these samples are shown in
Figure 5.8. In Figure 5.8a, the differences in colour of the precursors are due to
their different morphologies and chemical compositions.

Figure 5.8 Optical images of precursors of Co3O4-1, Co3O4-2, Co3O4-3, and Co3O4-4
(left to right) (a); optical images of Co3O4-1, Co3O4-2, Co3O4-3, and Co3O4-4 (left to
right) (b).
From the above analysis, this work further reveals that F - could slow down the
nucleation rate during such a hydrothermal reaction process, which is in
accordance with previous reports.22 Most importantly, it also elucidates a new
growth mechanism: Firstly, the amount of NH 4F in solution system affects the
chemical composition of the precursor. Secondly, with increasing amounts of
NH4F in the solution system, the growth of products will tend towards the
formation of more ordered states and more distinct hierarchical structures.

Chapter 5: Tuning the Morphology of Co3O4 on Ni Foam for Supercapacitors
Application
94
Thirdly, with increasing amounts of NH4F in the solution the morphology of
products will tend towards denser structures. Fourthly, the amount of NH 4F in
the solution system will affect the mass loading of products.

5.3.3 Electrochemical Analysis

Figure 5.9 Electrochemical characterization of supercapacitors with Co3O4-1,
Co3O4-2, Co3O4-3, and Co3O4-4 electrodes: CV curves at the scan rate of 5 mV s-1
(a); charge and discharge curves at the current density of 5 mA cm-2 (b); Specific
area capacitance at various current densities (c); cycling stability testing at 5 mA cm 2

for 3000 cycles (d).

Figure 5.9a shows typical cyclic voltammetry (CV) curves for the Co3O4-1, Co3O42, Co3O4-3, and Co3O4-4 electrodes in the potential range of 0 V – 0.55 V at the
scan rate of 5 mV s-1. From CV curves, the shapes reveal the pseudocapacitive
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characteristics of the four Co3O4 electrodes. There are two oxidation peaks P1 and P2
are located at 0.3-0.45V for Co3O4-3 and Co3O4-4, while the Co3O4-1 and Co3O4-2
only exhibit one oxidation peak. The two reduction peaks P3 and P4 are located at
0.3-0.4V and 0.1-0.2V for four electrodes. The reduction peak P4 and oxidation P1
are related to the redox reaction: Co3O4+H2O+OH- = 3CoOOH+e- (Eq. 5.8), and the
reduction peak P3 and oxidation peak P2 are associated with the redox reaction:
CoOOH + OH- = CoO2 + H2O + e- (Eq. 5.9).10 In addition, the redox peaks of four
electrodes exhibit in different potential positions, it could be supposed to their
different available sites for different morphologies.23-26 Compared with other
electrodes, the Co3O4-2 electrode has the largest CV area, revealing the highest level
of stored charge. The CV curves at various scan rates are shown in Figure 5.10.

Figure 5.10 CV curves of Co3O4-1 (a), Co3O4-2 (b), Co3O4-3 (c), and Co3O4-4 (d)
at various scan rates.
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The CV curves of bare Ni foam and HCl treated Ni foam was shown in Figure 5.11,
although after HCl treated Ni foam contributes some capacitance (about 9% for
Co3O4-2 electrode), most capacitance are from Co3O4 material.

Figure 5.11 CV curves of bare Ni foam, HCl treated Ni foam and Co3O4-2 at 5 mV -1
scan rate.
Figure 5.9b shows the typical charge and discharge curves of the four samples at the
current density of 5mA cm-2 within the potential range of 0 - 0.45 V. It can be seen
that all the curves have apparent voltage plateaus in the discharging process,
indicating their pseudocapacitive behaviour, although the lengths of the discharging
times and discharging plateaus are different. The difference in discharging plateaus
for four electrodes also could be ascribed to their different available sites for
different morphologies. Among these discharging curves, the Co3O4-2 discharging
time is the longest. From the discharging curves, the specific area capacitance can be
calculated according to the following equation:
CA = I × ∆t / (∆V × S)

Eq. (5.10)
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Where CA is the specific area capacitance (F cm-2), I is the discharging current (A
cm-2), ∆t is the discharging time(s), ∆V is the discharging potential range (V), and S
the area (cm2), respectively.
The capacitance per unit area of Co3O4-1, Co3O4-2, Co3O4-3, and Co3O4-4 is 0.5,
1.92, 1.53, and 0.87 F cm-2, respectively. The Co3O4-2 electrode displays the highest
capacitance among them, which could be ascribed to its high mass loading and
unique morphology.
Figure 5.9c presents the specific area capacitance of the Co3O4-1, Co3O4-2, Co3O4-3,
and Co3O4-4 electrodes at various current densities, from 5mA cm-2 to 30 mA cm-2,
respectively. At the current density of 30 mA cm-2, the specific area capacitance
retention is 60 %, 73 %, 65 %, and 61 % for the Co3O4-1, Co3O4-2, Co3O4-3, and
Co3O4-4 electrodes, respectively. Among all these electrodes, the Co3O4-2 electrode
displays the best specific area capacitance retention, which is also superior to
previous reported similar freestanding Co3O4 material.27-29 The charge and discharge
curves of the different electrodes at various current densities are shown in Figure
5.12.
In Figure 5.9d, the cycling stability of Co3O4-1, Co3O4-2, Co3O4-3, and Co3O4-4
was tested at current density of 5 mA cm-2 for 3000 cycles. After 3000 cycles, the
capacitance retention was 100.00% (0.5 F cm-2), 150% (2.88 F cm-2), 107% (1.64 F
cm-2) and 111% (0.97 F cm-2) for Co3O4-1, Co3O4-2, Co3O4-3, and Co3O4-4,
respectively, which reveals that Co3O4-2, Co3O4-3, and Co3O4-4 undergo a
capacitance activation process during charge-discharge cycling. Compared with
Co3O4-3 and Co3O4-4, there is an apparent trend towards increasing capacitance for
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Figure 5.12 Charge and discharge curves of Co3O4-1 (a), Co3O4-2 (b), Co3O4-3 (c),
and Co3O4-4 (d) at various current density.
Co3O4-2, which could be observed in the first 1150 cycles (from 1.92 F cm-2 to 3.16
F cm-2), with the capacitive activation process during charging-discharging similar to
that in most previous reports.30-35 The capacitance retention of Co3O4-2, based on its
maximum value of 3.16 F cm-2, still could amount to 91% after 3000 cycles.
According to many previous reports (Table 5.1), the free-standing Co3O4, NiCo2O4,
or

MnO2

electrodes

synthesized

by hydrothermal

reaction

methods

for

supercapacitors usually exhibit low specific area capacitance (approximately 0.1-0.8
F cm-2), which severely obstructs their practical application. In order to further
enhance their specific area capacitance, a second step reaction was adopted to make
them into “core/shell” structures, and the specific area capacitance could reach 0.52.5 F cm-2.
Table 5.1 Comparison of the specific area capacitance in previously reported works
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on supercapacitors with the four Co3O4 materials presented here.

Material

Specific area capacitance
(F cm-2)

Co3O4

0.68 (4.2 mA cm )

Co3O4@NiO

1.35 (6 mA cm )

Co3O4

0.135 (11.25 mA cm )

Co3O4@MnO2

0.56 (11.25 mA cm )

CoO

0.285 (5 mA cm )

CoO@PPy

2.51 (5 mA cm )

Co3O4

0.79 (5 mV s-1)

Co3O4@NiCo2O4

2.04 (5 mV s-1)

NiCo2O4

0.84 (2 mA cm )

NiCo2O4@NiCo2O4

1.55 (2 mA cm )

MnO2

0.101 (8.5 mA cm )

MnO2@NiO

0.35 (8.5 mA cm )

NiCo2O4

1.5 (8.5 mA cm )

NiCo2O4@MnO2

2.54(8.5 mA cm )

Co3O4-1

0.5 (5 mA cm )

Reference

-2

-2

36

-2

-2

Co3O4-2
Co3O4-3
Co3O4-4

37

-2

-2

38

29

-2
-2

39
-2

-2

40

-2

-2

-2

-2

1.92 (5 mA cm )
-2

1.53 (5 mA cm )
-2

0.87 (5 mA cm )

41
This work
This work
This work
This work

In this work, we successfully demonstrate that NH4F could effectively control the
active material mass loading on Ni foam and its product morphology through a onestep hydrothermal reaction, thereby obtaining optimized high specific area
capacitance Co3O4-2 electrode (1.92 F cm-2), which is an ideal potential high specific
area capacitance electrode for practical application.
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Figure 5.13 Electrochemical impedance spectroscopy plots of Co3O4-1, Co3O4-2,
Co3O4-3, and Co3O4-4 before cycling (a), after 3000 cycles (b) and equivalent circuit
(c).
Figure 5.13(a-b) show the obtained electrochemical impedance spectroscopy plots
before cycling and after 3000 cycles for the Co3O4-1, Co3O4-2, Co3O4-3, and
Co3O4-4 electrodes, respectively. Figure 5.13c is the equivalent circuit of
electrochemical impedance.
The semicircle in the high frequency region reveals the properties of the electrode
surface, indicating the charge transfer resistance (Rct). After 3000 cycles, the Rct of
the Co3O4-2, Co3O4-3, and Co3O4-4 electrodes all decreased dramatically, which
could be a reason for their capacitance activation during cycling.42 In addition, Ni
foam during cycling reacted with electrolyte may be another factor for capacitance
increase.43

5.4 Conclusions
In summary, four morphologies of Co3O4 on Ni foam (nanowires, thin nanowireclusters, thick nanowire-clusters, and fan-like bulks) were obtained through
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conventional hydrothermal reaction with different amounts of NH4F as an additive,
which demonstrated its potential for tuning the morphology of nanoscale transition
metal oxides. Through investigation of the morphological evolution process of the
Co3O4 precursors in their different reaction stages, some novel growth mechanisms
are proposed: (1) the amount of NH4F in the solution system affects the chemical
composition of the precursor; (2) with increasing amounts of NH4F in the solution
system, the morphology will tend towards more ordered states and more distinct
hierarchical structures; (3) with increasing amounts of NH4F in the solution system,
the growth of the products will tend to form denser structures; (4) the amount of
NH4F in the solution system will affect the mass loading of products. The
electrochemical performances of the four Co3O4 electrode materials for
supercapacitors were tested, and Co3O4 with thin-nanowire-cluster morphology
exhibits the best electrochemical performance (specific capacitance of 1.92 F cm -2 at
the current density of 5 mA cm-2, rising to 2.88 F cm-2 after 3000 cycles, and rate
capability of 73 % at the current density of 30 mA cm-2), which makes it an ideal
potential electrode material for practical application in supercapacitors.
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6.1 Introduction
Recently, energy storage and conversion materials have turned into an everincreasing focus of research due to the increasing global demand for clean energy.1
Compared with Li-ion batteries, supercapacitors feature the advantages of fast
charging−discharging characteristics, high power density, and long lifetime, making
them indispensable in many portable systems, as well as in hybrid electric vehicles.2
According to the different charge storage mechanisms, supercapacitors can be
divided into two types: electric double-layer capacitors (EDLCs), with their
mechanism based on ion adsorption, and pseudocapacitors, which depend on rapid
and reversible redox reactions at the surfaces of the electrodes. Pseudocapacitors
display relatively higher capacitance because of their specific charge storage
mechanism.3 Among the various pseudocapacitance materials, ruthenium oxide
exhibits excellent electrochemical performance, although its high cost, low porosity,
and toxic nature severely limit its commercial application. Therefore, some cheaper
and more environmentally-friendly metal oxides/hydroxides have become the most
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promising candidates, such as NiO, Co3O4, Fe3O4, Fe2O3, V2O5, Co(OH)2, and
Ni(OH)2.4
Among these low-cost materials, Co(OH)2 has been considered as a particularly
attractive potential material, owing to its well-defined reversible redox reactions,
natural abundance, environmental friendliness, and relatively low fabrication cost. 5
Various methods have been developed to synthesize Co(OH)2 nanomaterials, such as
the hydrothermal method,6 the sol–gel method,7 chemical precipitation,8 and
electrochemical deposition.9
Among the various fabrication methods, electrochemical deposition is a feasible
approach to fabricate free-standing electrodes with relatively ordered morphology
and high specific surface area. Nevertheless, this method has two serious drawbacks:
firstly, Co(OH)2 is a p-type semiconductor with low conductivity, which will give it
low rate capability under high current density;

10

secondly, the mass loading is

limited, because the adhesion strength between the Co(OH)2 and the current collector
tends to become poor with increasing electrochemical deposition mass, unlike
industrial electrochemical deposition of metallic materials on a substrate.11 Too much
mass loading will cause the material to agglomerate and fall off during cycling.
In order to address the first drawback, micro/nanometer-scale protrusions were
fabricated on commercial Ni foam (current collector), which could enhance its
surface area. Higher surface area for the current collector means more contact area
between the current collector and the active material, which could boost the
transportation of electrons and ions during electrochemical reactions. Good
conductivity could ensure excellent rate capability for the capacitance under high
current density.12
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As for the second drawback, micro/nanometer-scale protrusions on a relatively
smooth current collector could make an equal mass of active material more dispersed,
which could shorten the diffusion paths for ions.13 In order to load relatively more
active material, designing a micro/nanometer-scale hierarchical-structured current
collector could be a feasible method.
From previous reports, the methods applied to fabricate micro/nanometer-scale
protrusions on current collectors include: electrochemical deposition,14 alloy
electrochemical deposition combined with subsequent selective electrochemical
etching,15

the chemical vapor deposition (CVD) method,13 the hydrothermal

method ， and the hydrothermal method combined with subsequent hydrogen
reduction.16 Among the above methods, electrochemical deposition and alloy
electrochemical deposition combined with subsequent selective electrochemical
etching could be relatively simple methods with low fabrication costs, although the
selective electrochemical etching step involves parameters that are not easy to
control.
In addition, there is a common difficulty: these free-standing Co(OH)2 electrodes
produced by electrochemical deposition exhibit relatively low mass loading (0.025 1 mg), which gives them relatively low area-specific capacitance (0.06 - 2 F cm-2),
thereby leading to only laboratory-stage products.15-20 In order to address this
problem, a current collector with higher specific surface area needs to be developed,
which could provide high specific surface area for a higher mass of Co(OH)2
deposited in situ.
In this Chapter, hierarchical nickel was deposited on commercial nickel foam (with
the product denoted as HNNF) through a novel two-step electrochemical deposition.
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The active material Co(OH)2 was further electrochemically deposited on the
hierarchical nickel (with the resultant sample denoted as Co(OH)2/HNNF) for
supercapacitor application.
The Co(OH)2/HNNF exhibited the capacitance of 3.17 F cm-2 under the current
density of 5 mA cm-2, and the rate capability was 89.59 % under the current density
of 30 mA cm-2. During the cycling under the current density of 5 mA cm-2, the
capacitance exhibited an amazing increase, which reached 9.62 F cm-2 after 2000
cycles. To the best of our knowledge, this value is the largest area-specific
capacitance after 2000 cycles for any Co(OH)2 free-standing electrode. The
phenomenon of extraordinary capacitance increase (303.47 %) during cycling for
Co(OH)2 free-standing electrode is very different from any previous report, where
the electrodes only exhibited between 95-150% capacitance retention after 10002000 cycles.15-20 Notably, after 2000 cycles, the rate capability of Co(OH)2/HNNF
still amounted to 72% (6.93 F cm-2) under the current density of 30 mA cm-2. The
capacitance increase was further investigated, and a mechanism is proposed.

6.2 Experimental Section
All chemicals were of reagent quality and used without further purification. The
nickel chloride, annonium chloride, ethylenediamine hydrochloride, sodium nitrate,
cobalt nitrate, and boric acid were obtained from Bio-Scientific Pty. Ltd. The nickel
foam was obtained from Changsha Lyrun Company (China).

6.2.1 Preparation of Hierarchical Nickel/Nickel foam (HNNF)
In the first step of the electrochemical deposition, the electrolyte consisted of 0.1 M
NiCl2 and 2 M NH4Cl. A piece of clean nickel foam (NF) acted as the working
electrode, and a Pt plate acted as the counter electrode. The electrochemical
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deposition was carried out under the constant current density of 2 A cm-2 for 320 s.
In the second step of the electrochemical deposition, the electrolyte for
electrodeposition consisted of 0.85 M NiCl2, 1.5 M ethylenediamine hydrochloride,
and 0.5 M H3BO3. The electrochemical deposition was carried out under the constant
current density of 0.1 A cm-2 for 1080 s.

6.2.2 Preparation of Co(OH)2/HNNF
The electrolyte for electrochemical deposition of Co(OH)2 consisted of 0.35 M
Co(NO3)2·6H2O and 0.12 M NaNO3. The HNNF acted as the working electrode, and
a Pt plate acted as the counter electrode. The electrochemical deposition was carried
out under a constant current density of 3 mA cm-2 for 600 s, and the mass loading
was about 2.3 mg cm-2. To allow comparison with a Co(OH)2/nickel foam electrode
(Co(OH)2/NF), the direct electrochemical deposition of Co(OH)2 on nickel foam was
carried out under the same experimental conditions, and the mass loading was about
2.2 mg cm-2.

6.2.3 Materials Characterization
Scanning electron microscope (SEM) images were collected with a field-emission
scanning electron microscope (FESEM, JEOL JEM-7500, 2 keV). X-ray diffraction
(XRD) patterns were collected on a polycrystalline X-ray diffractometer (RIGAKU,
D/MAX 2550 VB/PC, 40 kV/20 mA, λ = 1.5406 Å). Transmission electron
microscope (TEM) images and high-resolution TEM (HRTEM) images were
collected on a transmission electron microscope (JEOL JEM-2100F, 200 keV).

6.2.4 Electrochemical Performance Measurements
The electrochemical performance of the as-prepared electrode was measured using
cyclic voltammetry (CV), galvanostatic charge/discharge (GCD) testing, and
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electrochemical impedance spectroscopy (EIS) on an electrochemical workstation
(VMP-3) with a typical three-electrode system working at ambient temperature.
Specifically, the Co(OH)2/HNNF and Co(OH)2/NF electrodes were used as the
working electrodes, respectively, platinum plate was used as the counter electrode,
and saturated calomel electrode (SCE) was used as the reference electrode. EIS
testing was performed in the frequency range from 100 kHz to 10 mHz at open
circuit potential. 2.0 M KOH solution was used as the electrolyte. The area-specific
capacitance was calculated according to the following equation:
CA = I × ∆t / (∆V × S)

Eq. (6.1)

Where CA is the area-specific capacitance (F cm-2), I is the discharging current (A
cm-2), ∆t is the discharging time (s), ∆V is the discharging potential range (V), and S
is the electrode area (cm2), respectively.

6.3 Results and Discussion
6.3.1 Materials Characterisation Analysis
Figure 6.1 illustrates the process for fabricating Co(OH)2/HNNF electrode. First of
all, with the aim of fabricating the hierarchical nickel on commercial nickel foam, a
novel two-step electrochemical deposition process was adopted. In the first step of
the electrochemical deposition, the high current density of 2 A cm-2 was applied to
give enough hydrogen evolution for the bubbles to act as dynamic templates to
construct the initial micrometer-scale structure on the commercial nickel foam in
electrolyte with a low concentration of nickel ions (0.1 M). In previous reports, high
current density for the electrochemical deposition of metal was only applied for a
short time, approximately 30 s – 90 s,21-25 because a long period of electrochemical
deposition under high current density will inevitably make the structure
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unconsolidated and brittle. A short electrochemical deposition time means a small
amount of nickel loading on the substrate and relatively low surface area. In this
experiment, the electrochemical deposition of nickel under the high current density
of 2 A cm-2 required 320 s.

Figure 6.1 Schematic illustration of fabrication process for Co(OH)2/HNNF.
In order to overcome the above shortcoming, a second step electrochemical
deposition was adopted, with low current density of 0.1 A cm-2 applied for 1080 s in
electrolyte containing a high concentration of nickel ions (0.85 M), avoiding the
hydrogen evolution reaction.26 In addition, the second electrochemical deposition led
to the growth of nanometer-scale nickel flakes on the initial micrometer-scale
structure, creating an integrated micro/nanometer hierarchical structure. The
morphologies will be presented below with the scanning electron microscopy (SEM)
analysis. In order to compare the structural stability of the samples resulting from the
one-step electrochemical deposition of nickel on commercial nickel foam and the
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two-step electrochemical deposition on commercial nickel foam, a test was
performed.

Figure 6.2 Comparative mechanical strength test. Tape was made to adhere to Ni
samples after one-step and two-step electrochemical deposition (HNNF) (a), and the
tape was then peeled off from the Ni samples (b).
In Figure 6.2a-b, we pressed pieces of transparent tape to make them adhere to the
nickel samples, which had been subjected to the first- step and the full two-step
electrochemical deposition of nickel, respectively, and the tapes were then peeled off.
Clearly, there were some visible residual nickel particles on the tape peeled off from
the nickel after the one-step electrochemical deposition, but there were no visible
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residuals from the nickel after the two-step electrochemical deposition, which
demonstrates that the second-step electrochemical deposition of nickel improves the
mechanical strength, making the material suitable for application in electrochemical
capacitors as current collector.
The morphologies of the nickel after the one-step and the two-step electrochemical
deposition were revealed by SEM, respectively. Figure 6.3a-c and Figure 6.3d-f
exhibit the morphologies of the nickel foam after the one-step and the two-step
electrochemical deposition, respectively.
From the SEM images in Figure 6.3a-b and Figure 6.3d-e, they share the common
feature that the samples are composed of 2-5-micrometer ball-like particles. Some
differences also exist, however: there are numerous gaps in the surface of every
micrometer-scale nickel particle after the one-step electrochemical deposition of
nickel (Figure 6.3b), while for the nickel after the two-step electrochemical
deposition (Figure 6.3e), although there were no apparent gaps in the surfaces of the
micrometer-scale particles, these surfaces seemed to be rougher. In order to better
reveal their surfaces, high resolution SEM (HRSEM) images of the nickel after onestep and two-step electrochemical deposition are shown in Figure 6.3c and Figure
6.3f, respectively. In Figure 6.3c, it is very apparent that many gaps exist in the
surfaces of the micrometer-scale particles, but the surfaces are relatively smooth,
while in Figure 6.3f, no gaps can be observed, and there are 300-500 nanometer
flakes protruding from the surfaces of every micrometer-scale particle, which makes
the structure hierarchical and further enhances its surface area. It could be supposed
that the gaps that exist in the nickel after the one-step electrochemical deposition
originated from the hydrogen bubbles that were evolved under high current density,
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Figure 6.3

SEM images (a and b) and HRSEM image (c) of results of first-step

electrochemical deposition of Ni on Ni foam; SEM images (d and e) and HRSEM
image (f) of results of second-step electrochemical deposition of Ni on Ni foam
(HNNF); SEM images (g and h) and HRSEM image (i) of Co(OH)2/HNNF; SEM
images (j and k) and HRSEM image (l) of Co(OH)2/NF.
and that this kind of morphology would give the material low mechanical strength.
During the second electrochemical deposition, the electrolyte penetrated into these
gaps, and new electrochemically deposited nickel filled them in, which is similar to a
glue-like effect to improve the loose structure. With the longer electrochemical
deposition, nickel flakes appeared on the surface. The two-step electrochemical
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deposition of a metal in this work is a novel way to fabricate high-surface-area
current collector for energy storage and conversion materials, because the traditional
electrochemical deposition of nickel in industry is focused on smooth and dense
morphology,27 which features a low surface area and cannot satisfy the requirements
for energy storage and conversion materials. More optimized parameters for
fabricating hierarchical nickel/nickel foam are under investigation by our research
group. The product of the two-step electrochemical deposition of nickel on nickel
foam was denoted as hierarchical nickel/nickel foam (HNNF), and the product after
Co(OH)2 was deposited on hierarchical nickel/nickel foam was denoted as
Co(OH)2/HNNF. Meanwhile, nickel foam was denoted as NF, and Co(OH)2
deposited on nickel foam is denoted as Co(OH)2/NF in this paper. In addition, Figure
4a-b presents SEM images to allow comparison of commercial nickel foam with the
nickel foam after the two-step electrochemical deposition (HNNF). In Figure 6.4a, it
can be seen that the branches of the nickel foam are relatively flat without apparent
protrusions. Figure 6.4b exhibits many micrometer-scale particles that have totally
covered the original nickel branches of the commercial nickel foam.

Figure 6.4 Comparison of the morphologies of commercial nickel foam and
nickel/nickel foam from two-step electrochemical deposition (HNNF). SEM images
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of commercial nickel foam (a) and nickel/nickel foam (HNNF) from two-step
electrochemical deposition (b).
The corresponding X-ray diffraction (XRD) pattern of the as-fabricated HNNF is
shown in Figure 6.5a, and the strong diffraction peaks at 2θ = 44°, 52°, and 76°are
in accordance with the nickel (111), (200), and (220) crystal planes, respectively
(JCPDS-04-0850).19 The transmission electron microscope (TEM) image in Figure
6.5b shows the hierarchical nickel, and the inset is a piece of nickel flake that is
about 500 nm × 500 nm in size. The selected area electron diffraction (SAED)
pattern (Figure 6.5c) displays the polycrystalline nature of the nickel phase，and the
(111), (200), and (220) crystal planes are well matched to the XRD pattern. The high
resolution TEM (HRTEM) image (Figure 6.5d) reveals that the measured lattice
spacing is about 0.203 nm, which is in good agreement with the (111) planes of
nickel phase.
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Figure 6.5 Characterization of HNNF. XRD pattern of HNNF (a), TEM image of
HNNF (b), with the inset showing a piece of nickel flake, SAED pattern of HNNF
(c), and HRTEM image of HNNF (d).
After the two-step electrochemical deposition of Ni, Co(OH)2 was electrochemically
deposited on HNNF，and Co(OH)2 was also electrochemically deposited on NF
under the same experimental conditions for comparison. The SEM image in Figure
6.3g-h shows the morphology of Co(OH)2/HNNF, and it is clear that the original
micrometer-scale ball-like structure did not change, although the surface became
rougher, because the active material Co(OH)2 was deposited on the hierarchical
nickel surface. Figure 6.3j-k presents the morphology of Co(OH)2/NF, and it is very
dense with no protrusions. For further observation of the active material Co(OH)2,
the HRSEM image reveals that Co(OH)2 on HNNF exhibits a flake-like structure and
is approximately 10 nm thick, while Co(OH)2 on NF forms a bulk-like structure, and
the thickness is about 100 nm (Figure 6.3l).
The chemical composition of electrochemically deposited Co(OH)2 on HNNF was
measured by X-ray photoelectron spectroscopy (XPS). Figure 6a and 6b presents the
Co 2p and O 1s spectra, respectively. In Figure 6.6a, the peak positions are located at
binding energies of 797.6 eV (Co 2p1/2) and 781.5 eV (Co 2p3/2), and the distance
between the two peaks is 16.1 eV, which reveals the presence of Co, mainly in the
Co(OH)2 state. In Figure 6.6b, the peak position located at the binding energy of
532.0 eV in the O 1s spectrum could be assigned to –OH. These results prove that
the electrochemically deposited chemical compound is Co(OH)2.28-29 From the TEM
image (Figure 6.6c), it is clear that the Co(OH)2 nanoflakes were electrochemically
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Figure 6.6 Characterizations of Co(OH)2/HNNF. XPS spectra of Co 2p (a) and O 1s
(b) of Co(OH)2/HNNF; TEM images of Co(OH)2/HNNF (c) and Co(OH)2 (d); SAED
pattern (e) and HRTEM image of Co(OH)2 (f); Element mapping of Co(OH)2/HNNF
(g-h).
deposited on HNNF, and some wrinkles exist in the Co(OH)2 nanoflakes (Figure
6.6d). In the selected area electron diffraction (SAED) pattern (Figure 6.6e), the
polycrystalline nature of Co(OH)2 phase is revealed，and the diffraction rings could
be assigned to the (100), (011), (012), (200), and (202) crystal planes of Co(OH)2. In
addition, from the HRTEM image (Figure 6.6f), the measured lattice spacing are
about 0.462 nm and 0.235 nm, which are in good agreement with the (001) and (011)
planes of Co(OH)2 phase, respectively. In order to closely observe the Co(OH)2
deposited on HNNF, element mapping was conducted by TEM (Figure 6.6g-h),
which reveals the clear interface between the nickelelement and the cobalt element,
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and further proves that Co(OH)2 was well deposited on HNNF. Figure 6.7 presents
optical images of the samples, including NF, HNNF, Co(OH)2/HNNF, and
Co(OH)2/NF. Clearly, HNNF displays a dark color, which is totally different from
that of NF due to the hierarchical micro/nanometer-scale structure.

Figure 6.7 Optical images of NF, HNNF, Co(OH)2/HNNF, and Co(OH)2/NF (from
left to right).

6.3.2 Electrochemical Analysis
The electrochemical performance of Co(OH)2/HNNF and Co(OH)2/NF were
evaluated in a three-electrode system in 2 M KOH solution. Figure 6.8a shows cyclic
voltammetry (CV) curves of Co(OH)2/HNNF, Co(OH)2/NF, and HNNF at a
scanning rate of 5 mV s-1. For Co(OH)2/HNNF, two redox couples, P1(0.09 V)/P2(0.11 V) and P3(0.34 V)/P4(0.11 V), could be observed, while only one redox couple,
P1(0.08 V)/P2(-0.07 V), could be seen for Co(OH)2/NF. The redox couple P1/P2 could
be ascribed to the conversion between Co(OH)2 and CoOOH, and the
electrochemical reaction could be expressed as follows: Co(OH)2 + OH- → CoOOH
+ H2O + e- (Eq. 6.2).20 In addition, a redox couple P3(0.17 V)/P4(-0.07 V) exists in
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Figure 6.8 The electrochemical performance of the Co(OH)2/HNNF. CV curves of
Co(OH)2/HNNF, Co(OH)2/NF, and HNNF (a), charging-discharging curves of
Co(OH)2/HNNF, Co(OH)2/NF, and HNNF under 5 mA cm-2 (b), chargingdischarging curves of Co(OH)2/HNNF under various current densities (c),
electrochemical impedance spectroscopy plots of Co(OH)2/HNNF and Co(OH)2/NF
(d), cycling performance testing of Co(OH)2/HNNF, Co(OH)2/NF, and HNNF under
5 mA cm-2 for 2000 cycles (e), area-specific capacitance under various current
densities (f), CV curves of Co(OH)2/HNNF before cycling and after 2000 cycles
under 5 mA cm-2 (g), charging-discharging curves of Co(OH)2/HNNF after 2000
cycles under various current densities (h).
HNNF. It could be ascribed to the conversion between Ni(OH)2 and NiOOH, and the
electrochemical reaction could be expressed as follows: Ni(OH)2 + OH- → NiOOH +
H2O + e- (Eq. 6.3), with the Ni(OH)2 coming from the Ni metal of HNNF as a result
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of the in-situ formation of Ni(OH)2 in the electrochemical scan in alkaline solution.30
Comparing the redox couples P1(0.09 V)/P2(-0.11 V) in Co(OH)2/HNNF and P3(0.17
V)/P4(-0.07 V) in HNNF, it is apparent that the redox peak area of Co(OH)2/HNNF
is very much bigger than that of HNNF; in addition, the positions of their redox
peaks are not totally identical, especially for P4. Therefore, the redox reaction
represented by P3(0.34 V)/P4(0.11 V) that takes place in Co(OH)2/HNNF is
complicated, not only including the conversion between Ni(OH)2 and NiOOH from
HNNF, but also depending on the conversion between CoOOH and CoO2, which
could be described as CoOOH + OH- → 2CoO2 + H2O + e- (Eq. 6.4), in accordance
with a previous report.19 It could be supposed that Co(OH)2 in Co(OH)2/HNNF
electrode experiences sufficient redox reaction at high potentials, which is caused by
two reasons: firstly, the good conductivity of HNNF facilitates the transport of
electrons; secondly, the electrochemical reaction Ni(OH)2 + OH- → NiOOH + H2O +
e- (Eq. 6.3) activates the electrochemical reaction at the adjacent potential. The
galvanostatic charging-discharging curves of Co(OH)2/HNNF, Co(OH)2/NF, and
HNNF at the current density of 5 mA cm-2 are shown in Figure 6.8b. Clearly,
Co(OH)2/HNNF has the longest discharging curve. In addition, two apparent
plateaus exist in the discharging curve of Co(OH)2/HNNF, which is well matched
with its CV curves. By contrast, there is only one plateau in the discharging curve of
Co(OH)2/NF (corresponding to P2 in its CV curve). Meanwhile, the HNNF
apparently contributes capacitance, and the discharging plateau corresponds to P4 in
its CV curve. It is notable that the superimposed area-specific capacitance of
Co(OH)2/NF (1.36 F cm-2) and HNNF (0.69 F cm-2) is 2.05 F cm-2, which is less than
that of Co(OH)2/HNNF, 3.17 F cm-2, and could be ascribed to a synergistic effect.
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Although the synergistic effect mechanism is still very uncertain in present research,
we still could ascribe this to the two reasons we have discussed above in relation to
the CV curves. Figure 6.8c shows the galvanostatic charging-discharging curves of
Co(OH)2/HNNF under various current densities, and the two apparent plateaus exist
in every discharging curve due to its good conductivity. Figure 6.8d shows the
electrochemical impedance spectra of Co(OH)2/HNNF and Co(OH)2/NF. It is
generally accepted that the real axis intercept at high frequency represents the
electrolyte resistance and the contact resistance between the active material and the
current collector. The semicircle (depressed arc) corresponds to the charge transfer
resistance, which is related to the rate capability. The straight line in the low
frequency area is ascribed to the ion diffusion resistance.31 It can be seen that
Co(OH)2/HNNF has a smaller real axis intercept value at high frequency (0.88 Ω)
than Co(OH)2/NF (1.17 Ω), which indicates that Co(OH)2/HNNF has better
conductivity. It is apparent that Co(OH)2/HNNF has a smaller semicircle than
Co(OH)2/NF, which means that Co(OH)2/HNNF has relatively smaller charge
transfer resistance. Moreover, it can be observed that that the straight line for
Co(OH)2/HNNF has a higher slope than that for Co(OH)2/NF, which also indicates
that Co(OH)2/HNNF could display better ion diffusion.
The cycling performances of Co(OH)2/HNNF, Co(OH)2/NF, and HNNF were
investigated, and the results are shown in Figure 6.8e. Co(OH)2/HNNF, Co(OH)2/NF,
and HNNF were given 2000 charging/discharging cycles under the current density of
5 mA cm-2 in the potential window from -0.1−0.45 V. It could be observed that the
initial area-specific capacitance of Co(OH)2/NF (1.36 F cm-2) was reduced to 1.16 F
cm-2 after 2000 cycles, demonstrating 85.29 % capacitance retention. By contrast,
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HNNF and Co(OH)2/HNNF show increasing trends. The initial area-specific
capacitance (0.69 F cm-2) for HNNF increased to 1.59 F cm-2 and exhibited 230.43 %
capacitance retention. Very interestingly, the area-specific capacitance of
Co(OH)2/HNNF showed a dramatic increase during cycling, from an initial 3.17 F
cm-2 to 10.08 F cm-2 after 1450 cycles, followed by a slight reduction to 9.62 F cm-2
after 2000 cycles (303.47 % capacitance increase). The reasons for the increase in the
capacitance of Co(OH)2/HNNF and HNNF will be discussed later.
Rate capability is a very important factor for evaluating supercapacitor performance,
which could reflect the conductivity of the materials. In Figure 6.8f, the rate
capabilities of Co(OH)2/HNNF, Co(OH)2/NF, HNNF, and Co(OH)2/HNNF after
2000 cycles are shown at current densities from 5 to 30 mA cm-2. Compared to the
rate capability at 5 mA cm-2 for Co(OH)2/HNNF, Co(OH)2/NF, and HNNF, that at
30 mA cm-2 was 89.59% (2.84 F cm-2), 70.83% (0.93 F cm-2), and 89.86% (0.62 F
cm-2), respectively. Evidently, Co(OH)2/HNNF had better rate capability than
Co(OH)2/NF because of its smaller charge transfer resistance. Moreover, the rate
capability of Co(OH)2/HNNF after 2000 cycles was also investigated, and was found
to be 72.00 % (6.93 F cm-2) at 30 mA cm-2. There was a decrease compared with the
area specific capacitance before cycling (89.59%), which may be caused by the new
material that was formed during cycling, and the reasons will be discussed later.
It should be mentioned that Co(OH)2/HNNF shows the highest area-specific
capacitance of 3.17 F cm-2, with excellent rate capability and cycling performance
compared with previous reports on free-standing Co(OH)2 material (Table 6.1).
Table 6.1 This work compared with previous reports on free-standing Co(OH)2
materials as supercapacitor electrode.
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Material
(Ref.)

Current collector
fabrication method

Co(OH)2
fabrication
method

Co(OH)2
mass
loading
(mg cm-2)

Area-specific
capacitance
(F cm-2)

Rate
capability

Cycling
performance

Co(OH)2/Ni/Ni
foam
Ref. 17

Cathodic coelectrochemical deposition
of Ni-Cu, and then
electrochemically
dissolving Cu

Cathodic
electrochemical
deposition

0.50

1.53
(0.25 mA cm-2)

70.69%
(15 mA cm-2)
1.08 F cm-2

About 100%
(2000 cycles,
2.5 mA cm-2)

Co(OH)2/ITO/Ti
foil
Ref. 18

Chemical vapour
deposition

Cathodic
electrochemical
deposition

0.25

0.51
(0.25 mA cm-2)

74.46%
(5 mA cm-2)
0.38 F cm-2

About 91.5%
(1200 cycles,
0.25-2.5 mA cm-2)

Co(OH)2/Ni/Ni foil
Ref. 32

cathodic coelectrochemical deposition
of Ni-Cu, and then
electrochemically
dissolving Cu

Cathodic
electrochemical
deposition

0.024

0.06
(5 mV s-1)

93.2%
(200 mV s-1)
0.056 F cm-2

About 150%
(5 mV s-1)

Co(OH)2/TiO2/FTO
Ref. 15

Hydrothermal reaction

Cathodic
electrochemical
deposition

0.55

0.199
(0.2 mA cm-2)

Co(OH)2/Ni/Ni foil
Ref. 19

Cathodic
electrochemical
deposition

Cathodic
electrochemical
deposition

1

2.0
(2 mA cm-2)

95%
(40 mA cm-2)
1.9 F cm-2

94.9%
(2000 cycles, 2 mA
cm-2)

Co(OH)2/Cu/Ni foil
Ref. 20

Cathodic coelectrochemical deposition
of Ni-Cu, and then
electrochemically
dissolving Cu

Cathodic
electrochemical
deposition

0.025

0.071
(0.5 mA cm-2)

96%
(200 mV s-1)
0.056 F cm-2

100%
(2000 cycles,
0.5 mA cm-2)

Co(OH)2/Ni/Ni
foam
This work

Cathodic electrochemical
deposition

Cathodic
electrochemical
deposition

89.59%
(30 mA cm-2)
2.84 F cm-2

303.47% (2000
cycles,
5 mA cm-2)
9.62 F cm-2

2.30

3.17
(5 mA cm-2)

56.78%
(2 mA cm-2)
0.11 F cm-2

100%
(2000 cycles,
2 mA cm-2)

It is essential to ascertain the reasons why the capacitance of Co(OH)2/HNNF
increased dramatically during cycling. First of all, we investigated the CV curves
(can rate 5 mV s-1) of Co(OH)2/HNNF after 2000 cycles (Figure 6.8g). It is notable
that the peak area of the redox reaction couple P1/P2 shrank significantly, In addition,
it seems that the peak area of the redox reaction couple P3/P4 expanded significantly,
but it should be noted that the expanded redox reaction couple did not appear in the
same original potential positions, which may be because new chemicals formed
during cycling. Some reports have revealed that with increasing nickel percentage in
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cobalt hydroxide, the redox reaction couple P1/P2 would tend to disappear, and the
redox reaction couple potentials would move to higher potential positions, while the
peak current would be increased.33-36 Therefore, it is very possible that Ni-Co mixed
hydroxide was formed during cycling. Figure 6.8h shows the galvanostatic chargingdischarging curves of the Co(OH)2/HNNF after 2000 cycles under various current
densities, and there is only one plateau that exists in the discharging curves in
accordance with its CV curve.

6.3.3 Capacitance Increase Analysis

Figure 6.9 SEM images (a and b) and HRSEM image (c) of results of
Co(OH)2/HNNF after 2000 cycles; SEM images (d and e) and HRSEM image (f) of
results of HNNF after 2000 cycles.
The morphology of Co(OH)2/HNNF after 2000 cycles was also observed through
SEM. Figure 6.9a-b presents SEM images of Co(OH)2/HNNF after 2000 cycles.
Compared with those before cycling in Figure 6.3g-h, it can be seen that the
morphology has changed significantly: the integrated Co(OH)2/hierarchical nickel
balls have expanded, making the gaps among them smaller. Taking the HRSEM
image of Co(OH)2/HNNF after 2000 cycles (Figure 6.9c) for a closer view, the flakes
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tend to become visibly larger, the degree of folding of the flakes has increased, and
the distribution of the flakes has become denser compared with the flakes before
cycling (Figure 6.3i). Overall, the Co(OH)2/HNNF after 2000 cycles shows a larger
specific surface area, which could provide more active positions for the redox
reactions, making this material more favourable for supercapacitor application. It
should be mentioned that the morphology of Ni-Co mixed hydroxide is very different
from previously reported Ni-Co mixed hydroxide, Co(OH)2 and Ni(OH)2 from
traditional electrochemical deposition. Ni-Co mixed hydroxide displays a
hierarchical structure (nanoflake/ microball), because it has evolved from
Co(OH)2/HNNF. The original hierachical structure of the nickel provides a template
to form hierarchical structured Ni-Co mixed hydroxide. As shown in previous reports,
it is usually very difficult to obtain hierarchical structured metal hydroxide from
electrochemical deposition.37-39
Moreover, the morphology of HNNF after cycling was also investigated, because it
also showed an amazing increase in the capacitance of 230.43%. Interestingly, the
morphology of HNNF after 2000 cycles in Figure 6.9d-f is also very different from
that before cycling in Figure 6.3d-f. First of all, it is clear that the hierarchical nickel
balls have expanded, causing the gaps among them to nearly disappear. Secondly, the
hierarchical structure has become more obvious, especially due to the expansion of
the Ni flakes, thus forming an interconnected structure. The SEM images become
less sharp, which may reflect the formation during cycling of nickel hydroxide,
which has poor conductivity.
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Figure 6.10 TEM image, with inset showing higher magnification (a) and HRTEM
image (b) of Co(OH)2/HNNF flake after 2000 cycles, corresponding SAED pattern
(c), and element mapping of Co(OH)2/HNNF flake (d-g) after 2000 cycles; TEM
image (h) and HRTEM image (i) of HNNF after 2000 cycles, and corresponding
SAED pattern (j) of HNNF after 2000 cycles.
Moreover, the morphologies and related chemical compositions of Co(OH)2/HNNF
after 2000 cycles and HNNF after 2000 cycles were investigated via TEM. Figure
6.10a shows a TEM image of a single typical flake of Co(OH)2/HNNF after 2000
cycles, and the inset on the top right is an enlarged image. Clearly, this flake is very
different from the initial Co(OH)2 flake (Figure 6.6d), and it has become more
porous and curlier, in accordance with its SEM images. In the HRTEM image
(Figure 6.10b) taken from the edge of the flake, the measured lattice spacing is about
0.779 nm, which is in good agreement with the (003) planes of Ni(OH)2 phase. The
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SAED pattern (Figure 6.10c) displays its poorly crystalline nature, which makes it
more suitable for supercapacitors because of its high structural disorder.40 The
element mappings for O, Co, and Ni are shown in Figure 6.10d-g, and it is clear that
the elements O, Co, and Ni are uniformly distributed in the single flake.

Figure 6.11 TEM image of Co(OH)2/HNNF after 2000 cycles (a) and corresponding
EDX spectrum with inset analysis (b).
In order to reveal the element ratio of Ni to Co, the energy dispersive X-ray
spectroscopy (EDX) element analysis is shown in Figure 6.11, from which it can be
seen that the element ratio of Ni to Co is about 2.5. It could be deduced that more
Ni(OH)2 was formed during cycling and that the originally deposited Co(OH)2
gradually mixed with the newly-formed Ni(OH)2 from the electrochemical reaction
to form integrated flakes of Ni-Co mixed hydroxide. Figure 6.10h shows a piece of
flake from HNNF after 2000 cycles; it is apparent the flake is very dense, unlike the
flake from the Co(OH)2/HNNF after 2000 cycles (Figure 6.10a), which is very
porous. Therefore, the deposited Co(OH)2 and the HNFF structure should be the two
indispensable factors for forming the porous Ni-Co mixed flake structure. In the
HRTEM image (Figure 6.10i) from the edge of this flake, the measured lattice
spacing is about 0.233 nm, which is in good agreement with the (003) planes of
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Ni(OH)2 phase, which proves that Ni(OH)2 would be formed during cycling. The
measured lattice spacing of 0.203 nm is in good agreement with the (111) planes of
the initial Ni phase. The SAED pattern (Figure 6.10j) reveals the polycrystalline
nature of the sample, and the main diffraction rings could be attributed to the (111),
(200), (220), (311), and (331) crystal planes of Ni phase (denoted by the white color),
while the relatively dim diffraction rings could be attributed to the (002), (110), and
(103) crystal planes of Ni(OH)2 phase (denoted by the yellow color). It should be
mentioned that this is the first time, to the best of our knowledge, that it has been
demonstrated by means of TEM that Ni(OH)2 would be formed on the surface of
metallic nickel in alkaline solution through electrochemical reaction.
According to the above comparison and analysis, the formation of the porous Ni-Co
mixed hydroxide includes three indispensable factors: (1) the hierarchical nickel
structure, (2) the deposited Co(OH)2, and (3) the electrochemical reactions during
galvanostatic charging-discharging in alkaline solution. The proposed evolution
process from Co(OH)2/HNNF to Ni- Co mixed hydroxide is illustrated in Figure 6.12.
First of all, Ni(OH)2 is formed in situ on the surface of HNNF in alkaline solution
through the electrochemical reactions (charging process). During the charging
process, the metallic nickel atoms on the surface of HNNF lose electrons and become
Ni2+ ions. The OH- from the alkaline solution will react with the Ni2+, and the thus-
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Figure 6.12 Schematic illustration of the proposed evolution process for the
formation of Ni-Co mixed hydroxide.
formed Ni(OH)2 will cover the surface of the HNNF. Moreover, the originally
deposited Co(OH)2 and the newly formed Ni(OH)2 still could be dissolved in
electrolyte to a minor extent, because the solubility product Ksp for Co(OH)2 and
Ni(OH)2 is 1.09 × l0-15 and 2.8 × l0-16, respectively.41-42 During the discharging
process, the surface of Co(OH)2/HNNF is covered by electrons, which will attract the
dissolved minor amounts of Ni2+ and Co2+, where the OH- from the electrolyte can
react with the Ni2+ and Co2+, and thus form Ni-Co mixed hydroxide. Such a process
is repeated for 2000 cycles, and the initial Co(OH)2/HNNF evolves into Ni-Co mixed
hydroxide. The hierarchical nickel structure is a very crucial factor, because it could
provide a super-large surface area in contact with the alkaline solution, giving rise to
enough nanoscale Ni(OH)2. Co(OH)2 is also an indispensable factor, because the
porous flake morphology could not be obtained without Co(OH)2, as evidenced by
the TEM image of HNNF after 2000 cycles (Figure 6.10h). Galvanostatic charging
and discharging processes provide Co(OH)2/HNNF with the power to dissolve nickel
hydroxide and cobalt hydroxide, and create the conditions for the dissolved ions to
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co-precipitate on the surface of Co(OH)2/HNNF. From Figure 6.10d-g, it can be seen
that the elements cobalt and nickel are both evenly distributed throughout the whole
porous flake. Therefore, such a growth pattern could be considered as a kind of
dynamical growth, which involves constant dissolving and co-precipitation of the
metal hydroxide, not the simple case of newly formed Ni(OH)2 covering the
originally deposited Co(OH)2. In the case of Co(OH)2/HNNF after 2000
galvanostatic charging-discharging cycles, not only did the chemical composition
change, but the morphology changed also. We already have proposed that the
hierarchical nickel structure, the deposited Co(OH)2, and the electrochemical
reactions during galvanostatic charging and discharging in alkaline solution are the
three indispensable factors needed to obtain the porous Ni-Co mixed hydroxide, so
this growth pattern could be ascribed to synergistic growth. Commonly,
galvanostatic charging-discharging is a testing mode for evaluating electrochemical
performance, but in this work, it has been demonstrated to be a kind of
micro/nanomaterial fabrication method, for the first time to the best of our
knowledge. It should be noted that some previous research papers reported the coprecipitation method and co-electrochemical deposition to fabricate Ni-Co mixed
hydroxide,43-44 but there is no report on the dynamical and synergistic growth of NiCo mixed hydroxide from Co(OH)2/HNNF.
As for the capacitance increases found in Co(OH)2/HNNF and HNNF, the reasons
are different. The capacitance of HNNF increased from 0.69 F cm-2 to 1.59 F cm-2
after 2000 cycles, which could be ascribed to the greater and greater amounts of
Ni(OH)2 that were formed on the surface. The reasons for the capacitance increase of
Co(OH)2/HNNF from 3.17 F cm-2 to 9.62 F cm-2 are more complicated: (1) More
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Ni(OH)2 was formed. (2) The element ratio of Ni to Co was constantly changing. At
the initial stage, the evolution of the original deposited Co(OH)2 into Ni-Co mixed
hydroxide could be responsible for the capacitance increase. When the element ratio
of Ni to Co increased to a certain value, the capacitance would then start to decrease.
From Figure 6.11a-b, the element ratio of Ni to Co is 2.5, which reveals the presence
of more nickel element in the Ni-Co mixed hydroxide. The element ratio of Ni to Co
in Ni-Co mixed hydroxide could affect the supercapacitor capacitance, especially
because the Ni-Co mixed hydroxide can offer higher capacitance than pure Co(OH)2,
which was also confirmed by previous reports.33-36 (3) The newly formed Ni-Co
mixed hydroxide with more porosity and a higher surface area could provide more
redox reaction sites. Our results not only reveal the mechanism behind the
capacitance increase of Co(OH)2/HNNF during the galvanostatic chargingdischarging process, but also demonstrate that galvanostatic charging-discharging
could be a kind of fabrication method to synthesize Ni-Co mixed hydroxide, which
may be extended to the fabrication of other mixed compounds in the future.

6.4 Conclusions
In summary, a novel hierarchical nickel/nickel foam (HNNF) material was fabricated
via a two-step electrochemical deposition on commercial nickel foam as a current
collector. The active material Co(OH)2 was further deposited on HNNF to form a
free-standing supercapacitor electrode. Co(OH)2/HNNF electrode displayed high
area-specific capacitance of 3.17 F cm-2 under the current density of 5 mA cm-2 and
excellent rate capability of 89.59% under the current density of 30 mA cm-2. After
the sample experienced 2000 cycles of galvanostatic charging-discharging, the areaspecific capacitance increased to 9.62 F cm-2 with a 303.47% capacitance increase,
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and the rate capability still remained 72% (6.93 F cm-2) under the current density of
30 mA cm-2. Such a capacitance increase could be attributed to the formation of
porous Ni-Co mixed hydroxide, which was confirmed by SEM and TEM
investigations. The formation mechanism for the Ni-Co mixed hydroxide was also
proposed. This result demonstrates that the galvanostatic charging-discharging
electrochemical reactions could represent a novel fabrication method to synthesize
mixed hydroxides for energy storage and conversion materials in the future.
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7.1 Introduction
Energy storage and conversion materials are the subject of an ever-increasing
research focus due to increased global demand for clean energy.1 Compared with Liion batteries, supercapacitors exhibit faster charge−discharge characteristics, higher
power density, and longer lifetimes, making them indispensable in many portable
systems and electric vehicles.2
In the past ca. 20 years, significant efforts have been devoted to developing metal
oxide/hydroxide supercapacitor electrodes, including RuO23, IrO24, MnO25, NiO6,
Ni(OH)27, Co(OH)28, Co3O49, and Fe2O310, V2O511, SnO212 and MoO313. Such
pseudocapacitive materials can provide 10–100 times higher energy density than
conventional carbon materials and better electrochemical stability compared to
polymers14-18. It may be considered that two crucial factors determine supercapacitor
performance: (1) active material surface area, and (2) electron and electrolyte ion
transport.19 While the importance of surface area is obvious，poor electron and
electrolyte ion transport resulting from excessive layering of active material onto the
current collector ， especially for materials with relatively poor electrical
conductivity， will lower specific capacitance and rate capability.20 This is due to
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ion diffusion depths into active materials of only ca. 20 nm,21 and the inevitable
‘dead volume’ effect associated with the use of insulating binder.22 In order to
address the latter, free-standing electrodes without binder have been developed,
whereby active materials with porous structures such as nanowalls,23 nanowires24
and nanoflakes, 25 have been deposited directly onto the current collector. Such freestanding electrodes have exhibited ultrahigh specific capacitance, including those
based on the active materials Ni(OH)2（2675 F g-1， 0.16 F cm-2),26 MnO2 （841 F
g-1，0.04 F cm-2)27 and Co(OH)2 （2052 F g-1，0.51 F cm-2) 28. However, the very
low active material mass loadings in these studies （ca. 0.02-0.5 mg）resulted in the
very low areal capacitances indicated (< 1 F cm-2), rendering such electrodes
unsuitable for practical applications.
Recently much effort has been devoted to developing high areal capacitance
electrodes by realising high active material mass loadings,29 with a number of
strategies pursued. 3-dimensional (3-D) porous conductive substrates that enable the
loading of more active material, such as Ni foam30 and carbon textiles,31 have been
developed. The hydrothermal method has been shown to yield higher active material
mass loading32 compared to electrochemical deposition33, chemical vapour
deposition34 and atomic layer deposition35, while this method is also suited to largescale production. Also the use of growth promoters such as NH4F during
hydrothermal reaction has been shown to increase active material mass loading.32
Finally, novel core-shell array structures have been widely utilised, enhancing active
material mass loading and thereby raising areal capacitance.36
The combination of core-shell array structured metal oxide electrodes with 3-D
porous conductive substrates has led to supercapacitor electrodes with high areal

Chapter 7: High Areal Capacitance and Rate Capability Using Filled Ni foam Current
Collector
139
capacitance.29 While many examples of areal capacitance exceeding 10 F cm-2 have
been reported following this approach, associated poor rate capabilities below 60% at
50 mA cm-2 have also been observed, which may be ascribed to poor electronic and
ionic transport brought about by excessive loading of active material onto limited
current collector surfaces. In addition, the void content of commercial Ni foam is as
high as 90%,19 meaning that a significant proportion of the volume occupied by the
3-D current collector is not able to support active material, thereby limiting areal
capacitance.
With the aim of negating the void content problem associated with free-standing
electrodes supported on Ni foam, the following describes the development of a novel
micro/nano Ni-filled Ni foam (MNFNF) current collector with cactus-like
hierarchical structure. NiCo2O4 was chosen as the active material since it exhibits at
least two orders of magnitude higher electrical conductivity compared to Co3O4 and
NiO.37 NiCo2O4 nanowire clusters were grown on MNFNF using the hydrothermal
method, including the use of NH4F growth promoter to enhance mass loading and
tune morphology, followed by annealing. High active material loading combined
with intimate contact of this active material to the underlying MNFNF current
collector led to outstanding areal capacitance, while the rate capability achieved is
the highest to date amongst high areal capacitance (i.e. > 1.5 F cm-2) electrodes.
Compared to NiCo2O4-loaded Ni foam analogue, a ca. 5-fold increase in active
material loading and ca. 10-fold increase in areal capacitance was achieved. In
addition, only a modest decrease in areal capacitance after 1000 charge/discharge
cycles was observed for NiCo2O4-loaded MNFNF electrode.

7.2 Experimental Section
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All chemicals were of reagent quality and used without further purification. Nickel
chloride, ethylenediamine hydrochloride, nickel nitrate, cobalt nitrate, urea and boric
acid were purchased from Bio-Scientific. Ni powder and ammonium fluoride were
purchased from Sigma-Aldrich. Ni foam was purchased from Changsha Lyrun.

7.2.1 Preparation of Micro/Nano Nickel Filled Nickel Foam
(MNFNF)
Carboxymethyl cellulose (CMC), Ni powder and water were mixed together in the
weight ratio 1:10:30 to form a slurry. This slurry was infiltrated into Ni foam and
sintered at 850 °C under Ar atmosphere for 2 h., with the process repeated three
times. The resultant substrate was then treated under 5% H2 in N2 atmosphere at
400 °C for 2h. Electrochemical deposition onto the substrate at 0.1 A cm-2 for 18 min
at room temperature was performed in an aqueous electrolyte containing 0.85 M
NiCl2, 1.5 M ethylenediamine hydrochloride and 0.5 M H3BO3. The resultant
MNFNF current collector was washed several times with deionised water and dried
under vacuum at 80 °C for 3 hrs.

7.2.2 Preparation of NiCo2O4-Loaded Micro/Nano Ni-filled Ni
Foam (NiCo2O4/MNFNF)
0.5 mmol Ni(NO3)2·6H2O, 1 mmol Co(NO3)2·6H2O, 6 mmol urea, and 1.5 mmol
NH4F were dissolved in 18 mL deionised water. This solution was transferred to a
25 mL Teflon-lined stainless steel autoclave and a piece of MNFNF measuring 1 cm
× 3 cm submerged in the solution. Hydrothermal reaction was carried out under
105 °C for 6 hrs before natural cooling down to room temperature. Resultant
precursors were washed with deionised water several times to remove residual
reactants and dried at 80 °C for 6 hrs prior to annealing in air at 350 °C for 2 hrs.
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The resultant NiCo2O4/MNFNF exhibited an active material mass loading of 12.5 mg
cm-2. For comparative purposes, NiCo2O4/NF was prepared in the same way and
exhibited an active material mass loading of 2.5 mg cm-2.

7.2.3 Materials Characterization
Scanning electron microscope (SEM) images were collected on a field-emission
SEM (JEOL JSM-7500) using 2 keV acceleration voltage and secondary electron
detector. X-ray diffraction (XRD) patterns were collected on a powder X-ray
diffractometer (RIGAKU, D/MAX 2550 VB/PC, 40 kV/20 mA, λ = 1.5406 Å).
Transmission electron microscope (TEM) images and high-resolution TEM
(HRTEM) images were collected on a TEM (JEOL JEM-2100F) using 200 keV
acceleration voltage.

7.2.4 Electrochemical Performance Measurements
Electrochemical performance was assessed at room temperature in 2 M KOH by
cyclic voltammetry (CV) and galvanostatic charge/discharge (GCD) testing on an
electrochemical workstation (BioLogic VMP-3) using a 3-electrode setup. The 1 cm2
working electrode was either NiCo2O4/MNFNF or NiCo2O4/NF, a 1 cm2 platinum
plate was used as the counter electrode, and saturated calomel electrode (SCE) was
used as the reference electrode. Areal capacitance was calculated according to:
CA = I × ∆t / (∆V × S)

Eq. (7.1)

where CA = areal capacitance (F cm-2), I = discharging current (A cm-2), ∆t =
discharging time (s), ∆V = discharging potential range (V), and S = electrode area
(cm2).

7.3 Results and Discussion
7.3.1 Materials Characterisation Analysis
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Figure 7.1 Illustration of NiCo2O4-loaded micro/nano Ni-filled Ni foam (MNFNF)
electrode fabrication process.
Figure 7.1 illustrates the fabrication process for NiCo2O4-loaded MNFNF electrode.
In the first step Ni powder and CMC were mixed in water to form a homogenous
slurry, which was then infiltrated into commercial Ni foam. This was followed by
sintering under Ar atmosphere and then reduction under H2 atmosphere, yielding
micro Ni-filled Ni foam, denoted MFNF. In the next step electrochemical deposition
was employed to cover the micro Ni with nano Ni, thus giving rise to high surface
area, hierarchical micro/nano Ni-filled Ni foam, denoted MNFNF. Finally
conventional hydrothermal reaction and a subsequent annealing process were
employed to yield evenly distributed NiCo2O4 active material nanowire clusters on
the surface of the MNFNF current collector.
Figure 7.2 shows SEM images of the MNFNF current collector at different stages of
fabrication. The morphology of commercial Ni foam is revealed in Figure 7.2a,
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Figure 7.2 Scanning electron micrographs of (a) commercial Ni foam, (b-e)
micro/nano Ni-filled Ni foam (MNFNF), (f, g) micro Ni-filled Ni foam (MFNF). (h)
X-ray diffraction patterns of Ni foam, MFNF and MNFNF.
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characterised by interconnected branches with widths of ca. 70 μm, and voids
measuring ca. 250-500 μm in diameter. Figures 7.2b-e show the morphology of the
MNFNF current collector at different magnifications. Comparing Figures 7.2a and
7.2b, it is clear that most of the voids within the Ni foam starting material were
successfully filled with Ni following sintering, H2 reduction and electrodeposition
steps. Figure 7.2c indicates a dense and rough morphology of the sintered Ni filling.
On closer inspection in Figure 7.2d, the Ni filling is composed of ca. 1-3 μm rounded
particles, while Figure 7.2e reveals that these features are evenly covered by ca. 100
nm electrodeposited flakes. The hierarchical micro/nano Ni morphology displays a
cactus-like structure. In contrast to MNFNF, the rounded particles of MFNF evident
in Figures 7.2f-g were relatively smooth and absent of any nanometer-scale
protrusions, corresponding to the absence of an electrodeposition step. The XRD
patterns of Ni foam, MNFNF and MFNF (Figure 7.2h) were very similar and showed
reflections at 2θ = 44°, 52° and 76° corresponding to Ni (111), (200) and (220)
crystal planes, respectively (JCPDS-04-0850).38
Following successful preparation of the MNFNF current collector, NiCo2O4 active
material was loaded onto it via conventional hydrothermal and annealing processes.
Figures 7.3a-c describe the morphology of NiCo2O4-loaded MNFNF. At relatively
low magnification, the morphology of NiCo2O4-loaded MNFNF (Figure 7.3a)
resembled that of the underlying MNFNF current collector (see Figure 7.2b).
Differences become evident at higher magnifications, with Figures 7.3b-c revealing a
dense NiCo2O4 nanowire cluster morphology. The inset of Figure 7.3c shows that
NiCo2O4 nanowires have diameters of ca. 50-70 nm. The XRD pattern of NiCo2O4loaded MNFNF is shown in Figure 7.3d, with the low intensity diffraction peaks at
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2θ = 19°, 31°, 37°, 59°and 65°corresponding to NiCo2O4 (111), (220), (311), (511)
and (440) crystal planes, respectively (JCPDS-20-0781).39

Figure 7.3 (a-c) Scanning electron micrographs of NiCo2O4-loaded micro/nano Nifilled Ni foam (MNFNF). (d) X-ray diffraction pattern of NiCo2O4-loaded MNFNF.
(e-h) Transmission electron microscopy of NiCo2O4 nanowires, including O, Co and
Ni element mapping (f) and selected area electron diffraction pattern (h).
Further characterisation of NiCo2O4 active material nanowires on the surface of
MNFNF current collector was achieved using TEM. Figure 7.3e reveals the
morphology of individual NiCo2O4 nanowires to be highly porous and
composed of interconnected nanoparticles of ca. 5-10 nm size, while nanowire
diameters of ca. 50-60 nm are in accordance with in the dimensions obtained
from SEM. Element mapping of a single NiCo2O4 nanowire is shown in Figure 7.3f,
indicating that the elements O, Co and Ni are uniformly distributed. From high
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resolution TEM (Figure 7.3g), lattice spacings in agreement with literature40-41 of ca.
0.468 nm and ca. 0.245 nm were measured, which correspond to the (111) and (311)
planes of NiCo2O4, respectively. In addition, the selected area electron diffraction
(SAED) pattern in Figure 7.3h reveals the polycrystalline nature of the NiCo2O4
phase, with diffraction rings assigned to the (220), (311), (400), (511) and (440)
crystal planes of NiCo2O4.42

Figure 7.4 SEM image of NiCo2O4 loaded on NF (NiCo2O4/NF).
The morphology of NiCo2O4 grown directly onto commercial Ni foam without
intermediate filling steps was also investigated by SEM image (Figure 7.4), which
reveals similar nanowire cluster morphology to NiCo2O4-loaded MNFNF.

Figure 7.5 Optical images of NF, MFNF, MNFNF, NiCo2O4/MNFNF and
NiCo2O4/NF (from left to right).
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Optical images of Ni foam, MFNF, MNFNF, NiCo2O4-loaded MNFNF and
NiCo2O4-loaded Ni foam are shown in Figure 7.5. NF, MFNF and MNFNF exhibit
different hues ascribed to their different morphologies. The coverage of NiCo2O4
active material on both MNFNF and Ni foam was even according to the apparent
even hue of each of the samples, indicating in part that the hierarchical micro/nano
surface of MNFNF is suitable for the growth of active material via hydrothermal
reaction.

7.3.2 Electrochemical Analysis

Figure 7.6 (a) Cyclic voltammetry of NiCo2O4-loaded micro/nano Ni-filled Ni foam
(MNFNF), NiCo2O4-loaded Ni foam, MNFNF and Ni foam at 5 mV s-1. (b) Chargedischarge curves of NiCo2O4-loaded MNFNF and NiCo2O4-loaded Ni foam at 5 mA
cm-2. (c) Cyclic voltammetry of NiCo2O4-loaded MNFNF at various scan rates. (d)
Charge-discharge curves of NiCo2O4-loaded MNFNF at various current densities. (e)
Areal capacitance of NiCo2O4-loaded MNFNF and NiCo2O4-loaded Ni foam as
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functions of current density. (f) Stability testing of NiCo2O4-loaded MNFNF over
1000 cycles. [KOH] = 2M.
The electrochemical properties of NiCo2O4-loaded MNFNF were evaluated in a 3electrode system and the results are shown in Figure 7.6. Figure 7.6a shows cyclic
voltammetry (CV) curves of NiCo2O4-loaded MNFNF, NiCo2O4-loaded Ni foam,
MNFNF and Ni foam at 5 mV s-1 scan rate. The larger area under the CV curve of
NiCo2O4-loaded MNFNF compared to NiCo2O4-loaded Ni foam reflects its
considerably higher areal capacitance. The relatively small areas under the CV
curves of MNFNF and Ni foam current collectors indicate negligible contributions to
capacitance. The redox couples observed in the CVs of NiCo2O4-loaded MNFNF and
NiCo2O4-loaded Ni foam are characteristic of pseudocapacitance, and are related to
the redox reactions in alkaline electrolyte: 43
NiCo2O4 + OH− + H2O ↔ NiOOH + 2CoOOH + e−

Eq. (7.2)

CoOOH + OH− ↔ CoO2 + H2O + e−

Eq. (7.3)

Figure 7.6b shows charge-discharge curves of NiCo2O4-loaded MNFNF and
NiCo2O4-loaded Ni foam at 5 mA cm−2 and between 0-0.4 V. Both show apparent
voltage plateaus during charge and discharge processes, consistent with
pseudocapacitive behaviour. It is noticeable that NiCo2O4-loaded MNFNF showed a
relatively long discharge time of 2355 s, yielding an ultrahigh areal capacitance of
29.4 F cm−2, which was far higher compared to NiCo2O4-loaded Ni foam
(2.6 F cm−2). Figure 7.6c shows CV curves of NiCo2O4-loaded MNFNF at scan rates
of 2.5, 5, 7.5, and 10 mV s-1. Both current density and separation between redox
peaks increased with scan rate. The results of CV presented here are in agreement
with several previous reports considering NiCo2O4 supercapacitors.44-49 Figure 7.6d
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shows charge-discharge curves of NiCo2O4-loaded MNFNF at 5, 10, 20, 30, 40 and
50 mA cm-2. Each curve shows an apparent voltage plateau, even at the relatively
high current density of 50 mA cm-2, indicative of good electron transport. Figure
7.6e plots the areal capacitance of NiCo2O4-loaded MNFNF and NiCo2O4-loaded Ni
foam electrodes against current density. NiCo2O4-loaded MNFNF showed areal
capacitance values of 29.4 and 23.5 F cm-2 at current densities of 5 and 50 mA cm-2,
respectively. This 80% rate capability for NiCo2O4-loaded MNFNF was far better
than the 58% rate capability for NiCo2O4-loaded Ni foam, reflecting the efficacy of
the approach followed in this study. Finally, NiCo2O4-loaded MNFNF showed only a
2% decrease in capacitance after 1000 cycles at 10 mA cm−2, indicative of good
stability (Figure 7.6f).

Figure7.7 Nyquist plots of NiCo2O4/MNFNF and NiCo2O4/NF.
The frequency dependence of NiCo2O4-loaded MNFNF and NiCo2O4-loaded Ni
foam are contrasted in the Nyquist plots in Figure 7.7. The much smaller high
frequency feature of NiCo2O4-loaded MNFNF indicates a much smaller charge
transfer resistance, which may be ascribed to the much greater number of contacts
between the NiCo2O4 active material and MNFNF current collector. The high
frequency intercept with the real axis indicates series resistance (Rs), which includes
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electrolyte resistance and electrode matrix resistance. The higher Rs of NiCo2O4loaded MNFNF (0.88 Ω cm2) compared to NiCo2O4-loaded Ni foam (0.52 Ω cm2)
may be ascribed to a higher electrode matrix resistance on account of the higher
NiCo2O4 active material mass loading of the former.
Table 7.1 compares the performance of NiCo2O4-loaded MNFNF to previous reports
regarding relatively high areal capacitance supercapacitor electrodes composed of
active materials loaded on nickel foam. The areal capacitance of NiCo2O4-loaded
MNFNF (29.4 F cm-2) is higher than all but one of the previous reports, while the
rate capability achieved here (80 %) is the highest ever reported for supercapacitors
exceeding 10 F cm-2 areal capacitance. The outstanding performance metrics of
NiCo2O4-loaded MNFNF may be ascribed to the high and effective loading of
NiCo2O4 active material onto high surface area MNFNF current collector.
Table 7.1 This work compared with previous reports on the supercapacitor electrode
with high areal capacitance.

Materials

Current
collector

Mass

Areal

loading

capacitance

-2

(mg cm )
Co3O4@ NiCo2O4

CoO@ppy

Co3O4

NiCo2O4@NiMoO4

Co3O4

Ni foam

Ni foam

Ni foam

Ni foam

Ni foam

1.5

1.98

2.9

-

1.4

Rate capability

Cycling
performance

Ref.

-2

(F cm )
1.5

50%

(10 mA cm-2)

(30 mA cm-2)

2.51

51%
-2

(5 mA cm )
3.4

(50 mA cm-2)
74%

-2

(5.8 mA cm )
3.74

(43.5 mA cm-2)
66%

-2

(2 mA cm )
3.8

(30 mA cm-2)
54%

-2

(2.8 mA cm )

(14 mA cm-2)

87%
(7 mA cm-2)

50

1500 cycles
100%
(20 mA cm-2)

51

2000 cycles
90%
(23.2 mA cm-2)

52

5000 cycles
83.1 %
(5 mV s-1)

53

2000 cycles
99%
(11.2 mA cm-2)
3000 cycles

54
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NiCo2O4

NiO

Co3O4

Co3O4@Co3O4

NiMoO4@Ni(OH)2

Ni(OH)2

Co2(OH)2CO3

NiCo2S4@ppy

Co3O4@ NiCo2O4

Co3O4@NiO

NiCo2O4

Ni foam

Ni foam

Ni foam

Ni foam

Ni foam

Ni foam

Ni foam

Ni foam

Ni foam

Ni foam

MNNFN

1.8

2.2

2.75

7.6

1.5

2.7

8

6.87

12

19.5

12.5

3.8

72%

(18 mA cm-2)

(54 mA cm-2)

4.44

76
-2

(5 mA cm )

(50 mA cm-2)

4.9

51.22

(5 mA cm-2)

(30 mA cm-2)

5.44

69%
-2

(5 mA cm )
7.43

(30 mA cm-2)
56%

-2

(4 mA cm )
7.85

(56 mA cm-2)
43%

-2

(5 mA cm )
8.6

(30 mA cm-2)
72%

-2

(5 mA cm )
9.781

(50 mA cm-2)
39%

-2

(5 mA cm )
25
(5 mA cm-2)
39.6

(50 mA cm-2)

(5 mA cm )

(27 mA cm-2)

(50 mA cm-2)

(30 mA cm-2)

(20 mA cm-2)

80%
(50 mA cm-2)

58

1000 cycles
72%
(8 mA cm-2)

59

1000 cycles
96%
(30 mA cm-2)

60

500 cycles
92%
(30 mA cm-2)

61

2000 cycles
72.91%
(50 mA cm-2)

(30 mA cm-2)

29.4

57

2000 cycles
92 %

(30 mA cm-2)

(5 mA cm-2)

56

1000 cycles
90 %

3000 cycles
96 %

(30 mA cm-2)

55

1000 cycles
92 %

72%

54%
-2

94%

62

63

1000 cycles
100%
(30 mA cm-2)
1000 cycles
98%
(10 mA cm-2)

29

This
work

1000 cycles

7.4 Conclusions
In summary, a novel micro/nano nickel filled nickel foam (MNFNF) as current
collector was successfully fabricated through sintering and reducing filled nickel
slurry, and electrochemical deposition. The NiCo2O4 nanowire-clusters were grown
on the MNFNF as active material through hydrothermal reaction and subsequent
annealing process. NiCo2O4/ MNFNF electrode could deliver extra high areal
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capacitance of 29.4 F cm-2 at the current density of 5 mA cm-2, and 80% capacitance
(23.5 F cm-2) still could be retained at the 10 times current densities of 50 mA cm -2,
which is better than the results previously reported about high areal capacitance
supercapacitors. After 1000 cycles stability testing, there is only 2% decrease.
NiCo2O4/MNFNF electrode owns the merits of extra high areal capacitance, high
rate capability and good stability, which could make it a promising candidate for
practical applications in energy storage and conversion materials in the future.

7.5
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8.1 Introduction
Energy storage and conversion materials have become an ever-increasing focus of
research due to the increasing global demand for clean energy.1 According to present
research, the electrode reactions of Li-ion batteries are unable to achieve high power
density, while traditional capacitors have fast electrical storage capability, but afford
very low energy density. Supercapacitors, also named electrochemical capacitors,
have displayed great potential to balance the energy density and power density, and
thus become a linkage between batteries and traditional capacitors. In addition,
supercapacitors feature the advantages of fast charge−discharge characteristics, long
lifetime, and good safety, making them indispensable in many portable systems, as
well as in hybrid electric vehicles.2
Nowadays, in order to give the supercapacitors high energy density comparable to
that of batteries, much attention is being paid to the development of nanoscale
materials with pseudocapacitance characteristics and also to the search for potential
new materials. There are several key factors affecting the good performance of
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supercapacitors: (1) High specific surface area. The redox reactions mainly occur on
the surface of the materials, so a higher specific surface could provide more redox
sites, resulting in higher specific capacitance. (2) Multiple oxidation states. Multiple
oxidation states given the materials abundant intrinsic redox reaction sites leading to
relatively high capacitance. (3) Good conductivity. Good conductivity could enhance
the specific capacitance and rate capability. Commonly, forming composites of metal
oxides/hydroxides with carbon-based material is a feasible way to improve the
conductivity of the original semiconductor materials.2
Nowadays, porous NiO,3 Co3O4,4 NiCo2O45, and NixCo1-xO26 (0 < x < 1) have
attracted great attention as supercapacitor materials, which can be transformed via
precursors to metal carbonate hydroxides Ni2(CO3)(OH)2, Co2(CO3)(OH)2,
NiCo2(CO3)3(OH)6, and Ni(1-x)Cox(CO3)(OH)2 (0 < x < 1) without structural
deformation.7 Theoretically, the metal carbonate hydroxides also possess rich redox
reaction sites, which make them ideal materials for supercapacitors.8 The
electrochemical performance of metal carbonate hydroxides as supercapacitor
electrodes has not been widely investigated, however. The divalent metal carbonate
hydroxides have the general formula M2(CO3)(OH)2 (where M could be Ni, Co, Fe,
Zn, Mg, Ca, or Cu ions or pairs of such ions), and they also have unique crystal
structure. The stacking sequence of M2(CO3)(OH)2 consists of M(OH)6 octahedral
layers (A) and CO32- ion interlayers (B), which form a layered structure stacking
arrangement such as A–B–A–B–A–B, Specifically, in an octahedron, OH- is located
at the apices of the octahedron, while the M cation occupies the centre. CO32- ion
interlayers are inserted between M(OH)6 octahedral layers.9-10 These metal carbonate
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hydroxides may extend the series of materials for energy storage and conversion
systems.
According to previous reports, researchers commonly adopted the hydrothermal
reaction method to fabricate metal carbonate hydroxides through decomposing urea
above 80 ℃ over at least 6 h, which will give rise to OH- and CO32-.11 The
hydrothermal reaction method requires energy to provide high temperature and a
high-cost autoclave to provide high pressure, so during the process of large-scale
industrial production, hydrothermal reaction could be considered as an energyconsuming and potentially dangerous method. Noticeably, in the present stage of
research, researchers are mostly focusing on high performance energy storage and
conversion materials obtained by different methods, and rarely ponder energy-saving
methods to fabricate energy storage and conversion materials. In this work, for the
first time, we demonstrate the synthesis of metal carbonate hydroxides at room
temperature and under normal pressure. We adopted urease (enzyme) as the catalyst
to hydrolyse urea at room temperature, and then used specific ultrafiltration tubes,
according to the molecular weight of urease, to separate the urease from the solution
(filtrate). Finally, the separated filtrate reacted with the metal ions at room
temperature and under normal pressure to form metal carbonate hydroxides. In
previous research reports, De La Rica et al. made use of urease as the template and
catalyst to fabricate nanoscale composites.12 Sharma et al. made use of urease as
template and reducing agent to fabricate Pt@urease composite, Au@urease
composite, and Ag@urease composite.13 Several problems still exist, however: firstly,
after a one-pot reaction, it is almost impossible to separate urease from the final
products (composites) to obtain the pure desired product, because some functional
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groups of carboxylate and thiol from the urease will coordinate to metal ions to form
stable coordination compounds.13 Secondly, urease as the template to fabricate
nanoscale materials is not cost-effective, because such a fabrication method is only
suitable for small-scale fabrication in the laboratory. Thirdly, the catalysis function
of urease will be inhibited by heavy metal ions during the one-pot reaction.14
Fourthly, the urease composite may affect evaluation of the electrochemical
performance for application of energy storage and conversion materials. Specifically,
the large molecular weight of urease, about 483,000 (non-active material), may cause
low specific capacitance in the supercapacitor or battery application.15
Compared with the above one-pot method, our method has several advantages:
Firstly, the desired products are pure and without urease. Secondly, this method
could be extended to large-scale production, because the urease separated from the
solution (filtrate) could be recycled and reused multiple times, while urease could
also be easily extracted from fresh jack beans.16 Thirdly, the particle sizes of metal
carbonate hydroxides obtained from this energy-saving method are still nanoscale
with high specific surface area. Fourthly, the pH value of the filtrate could maintain
the same value (pH ≈ 9) over time for hydrolysing urea catalysed by urease.
In this Chapter, we fabricated Ni-Co carbonate hydroxides with different
Ni2+/Co2+molar ratios through this simple and energy-saving method. Their
electrochemical performances have been evaluated as the supercapacitor electrodes.
Through adjusting the Ni2+/Co2+ mole ratio during the reaction, it was shown that the
Ni-Co carbonate hydroxide with the Ni2+/Co2+molar ratio of 3:1 exhibited the largest
specific capacitance of 1499 F g-1 at the current density of 1 A g-1. In order to
enhance the conductivity, graphene oxide was incorporated into a composite with Ni-
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Co carbonate hydroxide (Ni2+/Co2+ mole ratio of 3:1) during the reaction. The
specific capacitance of the composite increased to 1656 F g-1 at the current density of
1 A g-1. Asymmetric supercapacitors were fabricated with Ni-Co carbonate
hydroxide (Ni2+/Co2+ mole ratio of 3:1) and graphene oxide composite as the positive
material, and typical activated carbon as the negative material. The asymmetric
supercapacitors exhibited excellent electrochemical performance, which could
achieve the high energy density of 45.8 Wh kg-1 at power density of 899 W kg-1, and
the capacitance retention still remained 70% after 10,000 cycles.

8.2 Experimental Section
8.2.1 Materials Synthesis
All the chemicals and ultrafiltration tubes were purchased from Sigma-Aldrich and
were used without further purification. The graphene oxide (GO) was fabricated
from natural graphite flakes through a modified Hummers’ method.17
8.2.1.1 The Preparation of Precipitant
30 mg urease was added into 10 mL deionized water and stirred for 10 minutes. 0.75
mol L-1 urea solution was added to above urease solution and stirred for 12 hours at
ambient temperature (25 ℃). The ultrafiltration tube was used to separate the asprepared precipitant from the urease.
8.2.1.2 The Synthesis of Ni-Co Carbonate Hydroxides
The Ni-Co carbonate hydroxides were prepared via a simple precipitation reaction.
The total molar content of NiCl2·6H2O and CoCl2·6H2O was maintained at 0.75
mmol, and different Ni2+/Co2+ molar ratios of 0:1, 1:3, 1:1, 2:1, 3:1, 4:1, and 1:0
were selected in this study. NiCl2·6H2O and CoCl2·6H2O (specific molar ratios
mentioned above) were dissolved in 60 mL deionized water to form a homogeneous

Chapter 8: An Energy-saving Method to Fabricate Low Crystallinity Ni-Co Carbonate
Hydroxide@Graphene Oxide for Asymmetric Supercapacitor Application
162
solution. After stirring for 15 min, 5 mL precipitant was added into the solution, and
it was stirred for 1 hour at ambient temperature (25 ℃). The products were collected
by centrifugation, washed five times with deionized water, and subsequently freezedried under vacuum. The final products were denoted as NiCoCH01, NiCoCH13,
NiCoCH11, NiCoCH21, NiCoCH31, NiCoCH41, and NiCoCH10, according to their
Ni2+/Co2+ molar ratio, respectively.
8.2.1.3 The Synthesis of Ni-Co Carbonate Hydroxide@Graphene Oxide
NiCl2·6H2O and CoCl2·6H2O (Ni2+/Co2+ molar ratio of 3:1, with the total molar
content of NiCl2·6H2O and CoCl2·6H2O maintained at 0.75 mmol) were dissolved in
60 mL deionized water to form a homogeneous solution, and then 2 mL graphene
oxide solution (1.2 mg mL-1) was added. The solution was placed in an ultrasonic
bath for 30 min. Afterwards, 5 mL precipitant was added into solution, and it was
stirred for 1 hour at ambient temperature (25 ℃). The product was collected by
centrifugation, washed five times with deionized water, and subsequently freezedried under vacuum. The final product was denoted as NiCoCH31@GO.

8.2.2 Electrochemical Performance Measurements
The working electrodes were prepared through the doctor-blade method. Specifically,
the active material (6 mg), acetylene black, and polytetrafluoroethylene (PTFE) were
mixed in a weight ratio of 75:15:10 and dispersed in ethanol to from a homogeneous
paste, which was dried at 90 °C in air for 12 hours. The above paste was coated on a
Ni foam current collector (1×1 cm2), and then the electrodes were pressed with
10 MPa pressure.
The electrochemical performance of the as-prepared electrodes was measured using
cyclic voltammetry (CV) and galvanostatic charge/discharge (GCD) testing in an
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electrochemical workstation (VMP-3) with a typical 3-electrode system at ambient
temperature (25 °C). Electrochemical impedance spectroscopy (EIS) was conducted
under open circuit potential with a 5mV amplitude of the alternating voltage in the
frequency range from 105 to 10-2Hz. In the three-electrode system, the as-prepared
electrode was used as the working electrode, platinum plate was used as the counter
electrode, Hg/HgO electrode was used as the reference electrode and 2.0 M KOH
solution was used as the electrolyte.
The specific capacitance, energy density, and power density were calculated from the
discharge process of the GCD according to Equations (5-7), respectively 18:
Cm 

2  im  Udt

E

P

U2

Uf
Ui

im  Udt
3.6

3600  E
t

Eq. (8.1)

Eq. (8.2)

Eq. (8.3)

where Cm represents the specific capacitance (F g1); im represents the current density
(A g1); U represents the potential (V) with initial and final values of Ui and Uf, and
∫Udt represents the integral current area, respectively; E represents the energy density
(Wh kg1); P represents the power density (W kg1); and t represents the discharge
time (s).
The asymmetric supercapacitors were fabricated with NiCoCH31@GO as the
positive material, and activated carbon (AC) as the negative material. Specifically,
the mass ratio of the positive material to the negative material was obtained by using
the following equation19: C+ × m+ × U+ = C- × m- × U-, where the C and the U
represent the specific capacitance measured by the 3-electrode system and the
potential value, respectively. The positive material electrode and the negative
material electrode were separated by a cellulose acetate membrane, and 2.0 M KOH
was used as the electrolyte. The electrochemical performance was measured in the
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two-electrode system at ambient temperature (25 °C).

8.2.3 Material Characterization
The morphologies of the samples were investigated by field emission scanning
electron microscopy (FESEM, JEOL JSM-7500). X-ray diffraction (XRD) patterns
were collected on a polycrystalline X-ray diffractometer (RIGAKU, D/MAX 2550
VB/PC, 40 kV/20 mA, λ = 1.5406 Å). Raman spectra were collected using a Raman
spectrometer (JY HR800). The surface elemental compositions of the samples were
analysed by X-ray photoelectron spectroscopy (XPS, AXIS ultra DLD). The infrared
spectra were recorded on a Nicolet Nexus 470 spectrometer.

8.3 Results and Discussion
8.3.1 Materials Characterisation

Figure 8.1 Schmatic illustration of the fabrication process for the NiCoCH@GO and
NiCoCH.
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Figure 8.1 illustrates the fabrication process for the NiCoCH31@GO and NiCoCH31.
In the first step, urea is hydrolysed at room temperature (25 ℃) and normal pressure
with the aid of the enzyme urease, and the corresponding hydrolysis reaction
catalysed by urease could be described as follows:20
Eq. (8.4)
Eq. (8.5)
Eq. (8.6)
In the next step, an ultrafiltration tube is employed to separate the urease and the
filtrate, and the pH of the filtrate was measured to be about 9. Finally, the filtrate
used as the precipitant was added into the Ni2+ and Co2+solution with graphene oxide,
and the Ni2+ and Co2+ solution without graphene oxide, respectively. With the
graphene oxide solution added, the Ni2+ and Co2+ could be combined with the
functional groups of graphene oxide. The corresponding precipitate reaction could be
described as follows7:
(0 < x < 1)
Eq. (8.7)
Therefore, the final products NiCoCH@GO and NiCoCH could be obtained.
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Figure

8.2

XRD

patterns

of

NiCoCH10,

NiCoCH01,

NiCoCH31,

and

NiCoCH31@GO (a), XRD pattern of GO (b).
Figure 8.2a shows the XRD patterns of the NiCoCH10, NiCoCH01, NiCoCH31, and
NiCoCH31@GO. The diffraction peaks of NiCoCH10 can be indexed to
Ni2(CO3)(OH)2 (JCPDS 35−0501), while the peaks of NiCoCH01 can be ascribed to
Co(CO3)0.35Cl0.2(OH)1.1 (JCPDS 38−0547). The diffraction peaks of NiCoCH31 and
NiCoCH31@GO are almost the same as for NiCoCH10 except for slightly shifting to
the low diffraction angle direction, indicating the partial substitution of Ni2+ ions by
Co2+ ions. In addition, there is no apparent graphene oxide diffraction peak at about
11º, which is similar to what was found in many previously reported results.21-22
Notably, all the patterns show relatively wide and weak diffraction peaks, indicating
low crystallinity, which is very different from the XRD patterns the metal carbonate
hydroxides with good crystallinity that were produced via the hydrothermal reaction
method.11 Such precipitation method might be an effective method to obtain low
crystallinity metal carbonate hydroxides, and some results have already revealed that
the low crystallinity compounds are favourable for protos permeation in the
applications for supercapacitor electrodes. Figure 8.2b shows the XRD pattern of
graphene oxide, and there is a clear diffraction peak locating at about 11º.23
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Figure

8.3

IR

spectrum

of

NiCoCH10,

NiCoCH01,

NiCoCH31,

and

NiCoCH31@GO.
The chemical compositions of the as-prepared NiCoCH10, NiCoCH01, NiCoCH31,
and NiCoCH31@GO were investigated by infrared (IR) spectroscopy from 400 to
4000 cm–1, and the results are shown in Figure 8.3. Two peaks at about 1052 and
1396 cm–1 resulted from the stretching vibration and symmetrical stretching vibration
of CO32–, respectively, while two peaks at about 834 and 672 cm–1 resulted from the
out-of-plane and in-plane bending vibrations of CO32–, respectively, which could
confirm that the CO32– existed in all four chemical compounds. The broad peak at
3550 cm-1 of NiCoCH10, NiCoCH31 and NiCoCH31@GO could be ascribed to the
O–H stretching vibration, indicating the presence of a metal-OH layer, while the
peak in NiCoCH01 is narrower at 3488 cm–1. The peak at about 1488 cm–1 could be
ascribed to the H–O–H bending vibration from water molecules.7, 24

Chapter 8: An Energy-saving Method to Fabricate Low Crystallinity Ni-Co Carbonate
Hydroxide@Graphene Oxide for Asymmetric Supercapacitor Application
168

Figure 8.4 Raman spectrum of the NiCoCH31@GO and GO.
Figure 8.4 shows the Raman spectrum of the NiCoCH31@GO and GO. In the
Raman spectrum of GO, two broad peaks are located at 1337 and 1591 cm−1, which
could be ascribed to sp3 (D band) and sp2 (G band) hybridization carbon atoms,
respectively.25 Also, there are two broad peaks located at 1337 and 1591 cm−1 in the
Raman spectrum of NiCoCH31@GO composite, indicating the presence of GO in
this composite.

Figure 8.5 SEM images of NiCoCH31@GO (a-b) and NiCoCH31(c).
The morphologies of NiCoCH31@GO and NiCoCH31 were elucidated through
scanning electron microscope (SEM) measurements. Figure 8.5a shows the SEM
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image of NiCoCH31@GO composite, which exhibits the curly sheet shapes. In the
enlarged SEM image of NiCoCH31@GO (Figure 8.5b), we can see that the
NiCoCH31 is uniformly distributed on the graphene oxide sheets. Figure 8.5c shows
an SEM image of pure NiCoCH31, which exhibits 50-200 nm particles. It is clear
that the graphene oxide could help the NiCoCH31 to grow on it and prevent the
aggregation of particles. Such geometric nanostructures of metal oxides with
graphene layers could enhance the interfacial contact and also suppress the
dissolution and agglomeration of particles, thus improving the electrochemical
performance and stability of the composites.26

8.3.2 Electrochemical Analysis

Figure 8.6 Electrochemical performance evaluation of Ni-Co carbonate hydroxides
and the composite Ni-Co carbonate hydroxide@graphene oxide: (a) CV curves of
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NiCoCH01, NiCoCH13, NiCoCH11, NiCoCH21, NiCoCH31, NiCoCH41, and
NiCoCH10 measured at a scanning rate of 5 mV s−1. (b) Galvanostatic charge and
discharge curves of NiCoCH01, NiCoCH13, NiCoCH11, NiCoCH21, NiCoCH31,
NiCoCH41, and NiCoCH10 under the current density of 1 A g−1. (c) Specific
capacitance for NiCoCH01, NiCoCH13, NiCoCH11, NiCoCH21, NiCoCH31,
NiCoCH41, and NiCoCH10 under the current density of 1 A g−1. (d) CV curves of
NiCoCH31@GO and NiCoCH31 measured at a scanning rate of 5 mV s−1. (e)
Galvanostatic charge and discharge curves of NiCoCH31@GO and NiCoCH31
under the current density of 1 A g−1. (f) Galvanostatic charge and discharge curves of
NiCoCH31@GO under various current densities from 1 A g−1 to 10 A g−1. (g)
Comparison of the specific capacitance under the different current densities and rate
capability for NiCoCH31@GO and NiCoCH31. (h) Nyquist plots of NiCoCH01,
NiCoCH10, NiCoCH31, and NiCoCH31@GO, with the inset showing an
enlargement of the high frequency region.
The electrochemical performance of the Ni-Co carbonate hydroxides and the
composite Ni-Co carbonate hydroxide@graphene oxide were evaluated in a threeelectrode system with 2 M KOH electrolyte. The Ni-Co carbonate hydroxides with
different Ni2+/Co2+molar ratios of 0:1, 1:3, 1:1, 2:1, 3:1, 4:1, and 1:0 are denoted as
NiCoCH01, NiCoCH13, NiCoCH11, NiCoCH21, NiCoCH31, NiCoCH41, and
NiCoCH10, respectively, and the composite of Ni-Co carbonate hydroxide with a
Ni2+/Co2+ molar ratio 3:1 with graphene oxide is denoted as NiCoCH31@GO.
Cyclic voltammetry (CV) testing is normally used to characterize the capacitive
behaviour of an electrode material. Figure 8.6a shows the CV curves of NiCoCH01,
NiCoCH13, NiCoCH11, NiCoCH21, NiCoCH31, NiCoCH41, and NiCoCH10 at the
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scan rate of 5 mV s-1 with the potential range of 0 ‒ 0.65 V(vs. Hg/HgO). A strong
pair of anodic and cathodic peaks is observed in all the CV curves except for
NiCoCH01, indicating that the capacitance characteristics are mainly determined the
by Faradic redox reactions, which are related to the transformation between M2+ and
M3+ ions (M = Ni or Co). No peak separation could be observed, which might be
ascribed to the good mixing of Ni-Co carbonate hydroxides. More notably, the
oxidation and reduction peaks shift to a higher and lower potential, respectively, with
an increasing Ni percentage in the Ni-Co carbonate hydroxides, which is in
accordance with previous reports about Ni-Co hydroxide.27-30
The galvanostatic charge–discharge (GCD) behaviour of the NiCoCH01, NiCoCH13,
NiCoCH11, NiCoCH21, NiCoCH31, NiCoCH41, and NiCoCH10 were studied at the
current density of 1 A g-1 within the potential range of 0 - 0.55 V(vs. Hg/HgO). The
results are shown in Figure 8.6b and all of the curves show clear charge and
discharge plateaus except for NiCoCH01, which is in agreement with the CV curves.
NiCoCH31 shows the longest charge and discharge times when the Ni2+/Co2+molar
ratio is 3:1.
On the basis of those discharge curves, in Figure 8.6c, the specific capacitances of
NiCoCH01, NiCoCH13, NiCoCH11, NiCoCH21, NiCoCH31, NiCoCH41, and
NiCoCH10 have been calculated to be 160, 511,929,1320, 1499, 1472, and 1055 F
g−1, respectively. Clearly, the NiCoCH01 (pure cobalt carbonate hydroxide ) shows
the lowest capacitance, only 160 F g−1, while the NiCoCH10 (pure nickel carbonate
hydroxide ) shows a relatively high capacitance of 1055 F g−1, but the Ni-Co
carbonate hydroxides with Ni2+/Co2+ molar ratios of 2:1, 3:1, and 4:1 show higher
capacitance than that of NiCoCH10 (pure nickel carbonate hydroxide). The
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NiCoCH31 sample shows the highest specific capacitance of 1499 F g−1, which is
more than 44% higher than that of NiCoCH10 (pure nickel carbonate hydroxide).
Such capacitance improvements might be attributed to several reasons: increased
charging efficiency due to the improved electrical conductivity, enhanced
electroactive sites due to the possible valence interchange or charge hopping between
Ni2+ and Co2+, and more porous structures.31
In order to improve the specific capacitance and rate capability, conductive graphene
oxide was incorporated with NiCoCH31 to form the composite NiCoCH31@GO.
The electrochemical performance of NiCoCH31@GO was further investigated and
also compared with that of NiCoCH31. The CV curves at the scan rate of 5 mV
s−1 and galvanostatic charge–discharge curves at the current density of 1 A g−1 for
NiCoCH31@GO and NiCoCH31 are shown in Figure 8.6d and Figure 8.6e,
respectively. In Figure 8.6d, the CV curve of NiCoCH31@GO also shows a strong
pair of anodic and cathodic peaks, indicating the Faradic redox reactions, but higher
peak current densities and larger area than for NiCoCH31. From Figure 8.6d,
NiCoCH31@GO shows longer charge and discharge time than NiCoCH31. The CV
curve and galvanostatic charge–discharge curve reveal that higher specific
capacitance of NiCoCH31@GO could be achieved through introducing graphene
oxide to form a composite.
Nevertheless, investigating the performance of NiCoCH31@GO under high current
density conditions is still necessary to evaluate it for practical applications. Figure
8.6f shows the galvanostatic charge and discharge curves obtained under increasing
current densities from 1 to 10 A g−1. It is noteworthy that all of the curves show a
well-defined discharge plateau in the range of 0.35–0.2 V (vs. Hg/HgO), showing
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that the NiCoCH31@GO is highly active even at high current densities. Figure 8.6g
compares the specific capacitance and rate capability of NiCoCH31@GO with
NiCoCH31 under current densities from 1 to 10 A g−1. Specifically,
NiCoCH31@GO delivers the specific capacitance of 1656 F g−1 at 1 A g-1 and 1443
F g-1 at 10 A g-1 with the rate capability of 87%, while NiCoCH31 delivers the
specific capacitance of 1499 F g−1 at 1 A g-1 and 1069 F g-1 at 10 A g-1 with the rate
capability of 71%. Clearly, NiCoCH31@GO shows higher specific capacitance and
better rate capability.
To obtain more in-depth insight, the electrochemical impedance spectroscopy was
conducted to evaluate the charge transfer characteristics. Figure 8.6h compares the
Nyquist plots of NiCoCH01 (pure cobalt carbonate hydroxide), NiCoCH10 (pure
nickel carbonate hydroxide), NiCoCH31, and NiCoCH31@GO, respectively. It is
well accepted that the semicircle in the high frequency region reflects the charge
transfer resistance (Rct), which is related to the rate capability of supercapacitors.
Clearly, from the inset of Figure 8.6h, NiCoCH31 has a smaller charge transfer
resistance than NiCoCH01 (pure cobalt carbonate hydroxide) and NiCoCH10 (pure
nickel carbonate hydroxide), and NiCoCH31@GO displays smaller charge transfer
resistance than NiCoCH31, which could be why NiCoCH31@GO has higher specific
capacitance and rate capability. In addition, NiCoCH31@GO shows a closer to
vertical line in the low frequency region, indicating better capacitive behaviour.32
It is noteworthy that through adjusting the Ni2+/Co2+ molar ratio and introducing
graphene oxide, the optimized positive material NiCoCH31@GO was obtained. In
Table 8.1, we also compare the specific capacitance, rate capability and fabrication
methods in our work with previously reported results on metal carbonate hydroxides,
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and our results are better than most previous research results. Notably, all of the
metal carbonate hydroxides reported in Table 1 were fabricated by the hydrothermal
method above 80℃ and over at least 4 hours, but our fabrication process only needs
1 hour at room temperature (25 ℃), so that it could be considered as an
environmentally-friendly fabrication method. This method may only need an even
shorter time, and this issue is being investigating by our group.
Table 8.1 Comparison of specific capacitance, rate capability, and fabrication
method in this work with previously reported results on metal carbonate hydroxides.
(Carbonate hydroxide is denoted as CH)

Materials

Specific
capacitance
(F g-1)

Rate
Capability

Fabrication
method

Ref.

CoCH
@graphene

1690
(1 A g-1)

80%
(10 A g-1)

Hydrothermal
(120 ℃, 6 h.)

11

CoCH

550
(2 A g-1)

75%
(5 A g-1)

Hydrothermal
(120 ℃, 6 h.)

33

CoCH

1134
(2 A g-1)

75%
(10 A g-1)

Hydrothermal
(180 ℃, 12 h.)

34

CoCH
@AC

301
(1 A g-1)

64%
(10 A g-1)

Hydrothermal
(120 ℃, 6h.)

35

NiCH

1178
(0.5 A g-1)

52%
(10 A g-1)

Hydrothermal
(120 ℃, 5h.)

7

NiCH
@ZIF-8

851
(5mV s-1)

49
(30 mV s-1)

Hydrothermal
(100 ℃, 10h.)

36

NiCuCH

971
(1 A g-1)

70%
(10 A g-1)

Hydrothermal
(160 ℃, 6h.)

37

NiCH
@MWCNT

1517
(0.5 A g-1)

60%
(10 A g-1)

Hydrothermal
(80 ℃, 24 h.)

38

CoCH

9893
(0.5 A g-1)

20%
(8 A g-1)

Hydrothermal
(100 ℃, 12 h.)

39

CoCH

113
(0.45 A g-1)

Hydrothermal
82%
(0.45 A g-1) (120 ℃, 12 h.)

40
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NiCoCH
@graphene

1398
(1 A g-1)

72%
(10 A g-1)

Hydrothermal
(150 ℃, 24 h.)

41

NiCoCH

1297
(1 A g-1)

76%
(10 A g-1)

Hydrothermal
(120 ℃, 24 h.)

42

CoCH
@graphene

988
(1 A g-1)

82%
(10 A g-1)

Hydrothermal
(120 ℃, 4 h.)

24

CoCuCH

789
(1 A g-1)

50%
(10 A g-1)

Hydrothermal
(120℃, 24 h.)

43

CoCH
@graphene

197
(0.2 A g-1)

69 %
(1.8 A g-1)

Hydrothermal
(150℃, 8 h.)

44

NiCoCH31
@GO

1656
(1 A g-1)

87%
(10 A g-1)

Precipitation
(25 ℃, 1 h.)

This work

NiCoCH31

1499
(1 A g-1)

71%
(10 A g-1)

Precipitation
(25 ℃, 1 h.)

This work

In this work, in order to evaluate the electrochemical performance of supercapacitors
devices, aqueous asymmetric supercapacitors were assembled with NiCoCH31@GO
as the positive electrode, and activated carbon (AC) as the negative electrode. The
details for the asymmetric supercapacitor fabrication are given in the experimental
section.

Figure 8.7 Electrochemical performance evaluation for asymmetric supercapacitors
NiCoCH31@GO//AC: (a) CV curves of asymmetric supercapacitors at various scan
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rates from 5-100 mV s-1. (b) Galvanostatic charge and discharge curves of
NiCoCH31@GO//AC at different potentials from 0.8-1.6 V under the current density
of 1 A g−1. (c) Galvanostatic charge and discharge curves of NiCoCH31@GO//AC
under current densities from 1-8 A g−1. (d) Specific capacitance for
NiCoCH31@GO//AC under current densities from 1-8 A g−1. (e) The corresponding
Ragone

plot

of

the

NiCoCH31@GO//AC.

(f)

Cycling

performance

of

NiCoCH31@GO//AC under the current density of 2 A g−1.
Figure

8.7a

shows

the

CV

curves

of

the

asymmetric

supercapacitor

NiCoCH31@GO//AC at scan rates from 5 to 100 mV s-1 in the potential range from
0 to 1.6 V, showing that the CV curve still could be well preserved at the scan rate of
100 mV s−1, which suggests the good rate capability of the asymmetric
supercapacitor. To further evaluate the electrochemical performance of the
asymmetric supercapacitor, the galvanostatic charge–discharge testing was
conducted. In Figure 8.7b, symmetric charge-discharge curves were collected in the
potential range from 0.8 to 1.6 V at the current density of 1 A g-1. The symmetric
charge-discharge curves indicate that the asymmetric supercapacitor exhibits good
capacitive behaviour, and the asymmetric supercapacitor could tolerate the 1.6 V
operation voltage. Figure 8.7c shows the galvanostatic charge-discharge curves of
NiCoCH31@GO//AC under increasing current densities from 1 to 8 A g-1, and there
is no apparent IR drop, indicating the good conductivity of the active materials.
Figure 8.7d shows the specific capacitance of NiCoCH31@GO//AC (calculated from
the total mass of the positive and negative materials). NiCoCH31@GO//AC delivers
the specific capacitance of 129, 120, 112, 99, and 83 F g−1 under the current density
of 1, 2, 3, 5, and 8 A g−1, respectively.
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Energy density and power density are two crucial factors to evaluate the suitability of
asymmetric supercapacitors for practical application. Figure 8.7e shows the Ragone
plot of NiCoCH31@GO//AC asymmetric supercapacitors, which reveals the
relationship betweem power density and energy density. From the Ragone plot, a
high energy density of 45.8 Wh kg−1 at an average power density of 899.3 W
kg−1 can be achieved. When the power density increased to 6343.7 W kg−1, an energy
density of 28.4 Wh kg−1 could still be retained. We compare the previously reported
research results on asymmetric supercapacitors (with their positive materials metal
carbonate hydroxides and other metal hydroxides/oxides, and their negative materials
carbon based materials) with our work. Their specific capacitance, the maximum
energy density, corresponding power density, and the fabrication method for their
positive materials are listed in Table 8.2, and our results are comparable to most
previous reported results.
The cycling performance of the NiCoCH31@GO//AC asymmetric supercapacitors
was evaluated at the current density of 2 A g−1 for 10,000 cycles, and the results are
shown in Figure 8.7f. It can be seen in the initial 2450 cycles that the capacitance
retention decreases to 70%, and then the capacitance retention approaches a stable
state, with 70% capacitance retention still achieved after 10,000 cycles.
Our work demonstrates a new possibility of fabricating high electrochemical
performance asymmetrical supercapacitors via combining optimized positive
material NiCoCH31@GO with negative material AC. In addition, such a novel
energy-saving method of fabricating metal carbonate hydroxides has great potential
for practical applications, and even the metal oxides after annealing from metal
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carbonate hydroxides may have potential for wide application in energy storage and
conversion materials, which will be explored in the future by our research group.
Table 8.2 Comparison of specific capacitance, maximum energy density,
corresponding power density, and fabrication method for positive materials in this
work with previously reported results on asymmetric supercapacitors.
Energy
Power
density
density
(Wh kg-1)
(W kg-1)
maximum

Positive
material
fabrication
method

Ref

1400

Hydrothermal
(120 ℃, 6 h.)

33

58.9

400

Hydrothermal
(120 ℃, 24 h.)

42

85
(1 A g-1)

26.7

751

Hydrotherma
(120 ℃, 4 h.)

24

61
(0.25 A g-1)

21.5

200

Hydrothermal
(120 ℃, 24 h.)

43

NiCo hydroxide
@graphene//AC

122
(1 A g-1)

41

216

Precipitation
(70 ℃, 24 h.)

45

Ni hydroxide
@graphene//AC

160
(0.5 A g-1)

48

230

Hydrothermal
(180 ℃, 10 h.)

46

NiCo hydroxide
@ZTO//AC

125.2
(0.88 A g-1)

23.7

284

Electrochemical
deposition

47

NiCo hydroxide
@graphene//AC

162
(0.1 A g-1)

56.1

76

Hydrothermal
(180 ℃, 12 h.)

48

Ni hydroxide
@CNT//AC

112.5
(0.12 A g-1)

50.6

95

Chemical
bath deposition

49

Ni hydroxide
//AC

153
(5 mV s-1)

35.7

490

Electrolysis
(75 V)

50

NiCo oxide
@graphene//AC

99.4
(0.5 A g-1)
105
(3.6 mA
cm−2)
288
(0.5 A g-1)

23.3

325

Hydrothermal
(80 ℃, 7 h.)

51

37.4

163

Hydrothermal
(140 ℃, 14 h.)

52

19.5

-

Hydrothermal
(100 ℃, 6 h.)

53

Asymmetric
supercapacitors
Positive //Negative

Specific
capacitance
(F g-1)

Co carbonate
hydroxide//CNT

123
(2 A g-1)

33.45

NiCo carbonate
hydroxide//AC
Co carbonate
hydroxide
@graphene//AC
CoCu carbonate
hydroxide//graphene

155
(1 A g-1)

NiCo oxide
@graphene//AC
NiCo oxide
@graphene//AC
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Hydrothermal
(95 ℃, 8 h.)

Co oxide
@ppy//AC

100.2
(0.1 A g-1)

43.5

88

NiCo sulphide
@graphene//AC

122
(1 A g-1)

43.2

800

Co sulphide
//graphene

46.2
(0.19 A g-1)

14.68

369

Ni sulphide@
MWCNT-NC//AC

55.8
(1 A g-1)

19.8

798

NiCo sulphide//AC

-

25

447

Hydrothermal
(95 ℃, 6 h.)

58

NiCo sulphide
//graphene@AC

119.1
(5 mV s-1)

42.3

476

Hydrothermal
(180 ℃, 6 h.)

59

CoMo oxide//AC

-

21.1

300

Hydrothermal
(150 ℃, 5 h.)

60

NiCo carbonate
hydroxide
@graphene//AC

129
(1 A g-1)

45.8

899

Precipitation
(25 ℃, 1h.)

This
work

Hydrothermal
(150 ℃, 24 h.)
Chemical
bath deposition
(70 ℃, 5 h.)
Hydrothermal
(180 ℃, 12 h.)

54
55
56
57

8.4 Conclusions
In summary, a composite of Ni-Co carbonate hydroxide@graphene oxide
(NiCoCH31@GO) with low crystallinity was fabricated via a novel energy-saving
method, which is different from the conventional hydrothermal method. The
electrochemical performance was evaluated as supercapacitor electrode, which
showed the specific capacitance of 1656 F g-1 at the current density of 1 A g-1, with
rate capability of 87% at current density of 10 A g-1. NiCoCH31@GO was applied in
asymmetric supercapacitors, which exhibited excellent electrochemical performance.
An energy density of 45.8 Wh kg-1 was achieved at the power density of 899 W kg-1,
and the specific capacitance retention still could be kept at 70% after 10,000
galvanostatic charge-discharge cycles.
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9.1 General Conclusions
This

doctoral

research

focused

on

fabricating micro/nano materials

for

supercapacitor electrodes with good electrochemical performance through easilyoperated, cost-effective and environmentally-friendly methods. The aim was not
limited to laboratory-stage, high specific capacitance supercapacitor electrodes, but
also sought to develop high areal capacitance supercapacitor electrodes with the
potential to be applied in future industrial production.
In Chapter 4 free-standing ultrathin Co/Co(OH)2 composite nanoflakes (CCCNs) on
Ni foam was obtained through electrochemical deposition. CCCNs exhibited specific
capacitance of 980 F g-1 at 1 A g-1 discharge and rate capability of 71% at 30 A g-1
discharge. In addition, only a 9% drop in specific capacitance was observed
following 5,000 charge-discharge cycles. These promising results suggested that the
CCCNs are mechanically well-adhered to the Ni foam current collector, thereby
affording fast electron paths to supply electrochemical reactions.
In Chapter 5 NH4F additive was employed in conventional hydrothermal reaction in
order to tune Co3O4 active material morphology (nanowires, thin nanowire-clusters,
thick nanowire-clusters, and fan-like features) and to raise mass loading. The
morphological evolution of the Co3O4 precursors at different reaction stages was
investigated and showed that increasing the amount of NH4F resulted in
morphologies tending towards more ordered states and more distinct hierarchical
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structures. The performance of the four Co3O4 morphologies as electrochemical
capacitor electrodes was assessed, with the thin nanowire-cluster morphology
exhibiting the best performance, namely areal capacitance of 1.92 F cm-2 at 5 mA
cm-2 discharge rising to 2.88 F cm-2 after 3,000 charge-discharge cycles, and 73%
rate capability at 30 mA cm-2 discharge.
Chapter 6 considered a novel hierarchical-Ni-on-Ni-foam current collector fabricated
through electrochemical deposition involving nucleation and steady-state growth
steps. Nanosized Co(OH)2 active material was deposited on the hierarchical Ni/Ni
foam current collector through an electrochemically induced precipitation reaction to
afford an electrochemical capacitor electrode, which exhibited area-specific
capacitance of 3.17 F cm-2 at 5 mA cm-2 discharge. Impressively, this area-specific
capacitance increased by a factor of 3 to 9.62 F cm-2 after 2,000 charge-discharge
cycles. A possible reason for this increase in area-specific capacitance with cycling
was proposed, namely the formation of Ni-Co mixed hydroxide and accompanying
morphological changes, confirmed by scanning and transmission electron
microscopy investigations. In addition, a formation mechanism for the Ni-Co mixed
hydroxide was proposed.
The fabrication of a novel micro/nano Ni-filled Ni foam current collector was
considered in Chapter 7, with the aim of increasing effective active material loading
and thereby electrochemical capacitor electrode performance. Micro/nano Ni-filled
Ni foam current collector was fabricated by initially filling Ni foam with Ni slurry
and sintering to yield micro Ni-filled Ni foam, followed by electrochemical
deposition of nano Ni. Learnings coming out of Chapter 5 regarding the use of NH4F
additive were exploited in order to enhance active material loading and thereby area-
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specific capacitance. Using NiCo2O4 prepared via hydrothermal reaction followed by
annealing as the active material, an outstanding area-specific capacitance of 29.4 F
cm-2 at 5 mA cm-2 discharge was achieved, while an unprecedented 80% of this
capacitance (i.e. 23.5 F cm-2) was retained at 50 mA cm-2 discharge, ascribed to the
high surface area and high conductivity of the micro/nano Ni-filled Ni foam current
collector. Regarding stability, 98% retention of area-specific capacitance after 1,000
charge-discharge cycles was observed.
In the final Chapter 8, a novel energy-saving method was developed and used for the
fabrication of low-crystallinity, mixed Ni-Co carbonate hydroxide@graphene oxide
(NiCoCH31@GO). This electrochemical capacitor electrode showed specific
capacitance of 1656 F g-1 at 1 A g-1 discharge, while 87% rate capability at 10 A g-1
charge-discharge was also observed. NiCoCH31@GO was also combined with an
activated carbon electrode to afford an asymmetric supercapacitor, which displayed
excellent electrochemical performance. An energy density of 45.8 Wh kg-1, a power
density of 899 W kg-1, and 70% specific capacitance retention following 10,000
charge-discharge cycles were achieved.
In summary, this novel doctoral research demonstrated improved electrical contact
between active materials and current collector, the use of NH4 additive to tune
morphology and enhance active material mass loading, the possibility of in operando
synthesis of mixed hydroxides, an approach for raising effective active material mass
loading by filling the voids of Ni foam current collector, and a low-energy method
for the fabrication of mixed metal carbonate hydroxides. The novel approaches
developed here resulted in instances of outstanding areal capacitance, unprecedented
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rate capability and good stability, and offer much promise for practical energy
storage and conversion applications into the future.

9.2 Outlook
Developing asymmetric supercapacitor devices should be one of the most promising
areas in energy storage and conversion devices due to their characteristic high energy
densities. In terms of asymmetric supercapacitors, many anode materials have
already exhibited the high specific capacitance, high rate capability, and stable
cycling performance required for such devices, such as composites of
Co3O4@graphene, NiCo2O4@graphene, NiO@graphene, and NiCo2S4@graphene,
but common cathode materials are still very limited, most of which are carbon based
materials, such as graphene and activated carbon. As is well known, the current
electrochemical performance of symmetric supercapacitors devices depends on the
specific capacitance of the cathodes materials, because the specific capacitances of
carbon based materials are relatively low (about 150-250 F g-1) compared with the
already developed anode materials (above 1000 F g-1). Some new pseudocapacitance
materials have already been reported, however, within the last decade, such as Bi2O3,
VN, Fe3O4, Fe2O3, and In2O3, but their electrochemical performances are still
unsatisfactory due to their low specific capacitance and poor cycling stability.
Therefore, exploring and developing high specific capacitance negative materials
with long-term cycling stability is a new development trend.
Wearable and flexible high areal capacitance supercapacitor devices are also a
developing trend, because wearable electronics in the fields of healthcare and
communications have already attracted much recent attention. This means that new
flexible current collectors with high specific surface area should be developed in
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order to load more active materials. Currently, the flexible current collectors are only
limited to bendable carbon paper or carbon paper, but the areal capacitance is still
unsatisfactory because there are many huge voids between the carbon fibers. We
should look for more porous templates to fabricate current collectors with higher
areal capacitance. In this doctoral thesis, we have already developed novel filled
micro/nano-nickel foam. It is a good template to grow graphene, and the nickel is
then dissolved to obtain a flexible current collector with high specific surface area,
which may be a promising current collector in future applications of wearable and
flexible supercapacitor devices.
Developing two-dimensional materials with good electrical conductivity for
applications in supercapacitors will be another trend. As is well known, a higher
specific surface area means smaller nanosized particles. When preparing the
electrode, nanosized particles (below 10 nm) cannot be combined with the current
collector

very

well

using

current

poly(vinylidene

difluoride)

(PVDF),

polytetrafluoroethylene (PTFE), or carboxymethyl cellulose (CMC) binders. Twodimensional nanosized sheet materials could only improve the above issue, and they
also could enhance the electrical conductivity.
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